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ABSTRACT
N e u b e r 's  r u l e  w hich  r e l a t e s  th e  s t r e s s  and s t r a i n  c o n c e n tr a t io n  
f a c t o r  a t  a n o tc h  to  th e  t h e o r e t i c a l  s t r e s s  c o n c e n tra t io n  f a c to r  f o r  a 
m onotonic lo a d in g  c a s e .  I t  i s  c u r r e n t ly  b e in g  u sed  in  a  m o d if ied  form  to  
a n a ly z e  c y c l ic  lo a d in g  c a s e s .  The pu rp o se  o f  t h i s  r e s e a rc h  was to  e x p e r ­
im e n ta l ly  m easure th e  fo u r  q u a n t i t i e s  in c o rp o ra te d  in  N e u b e r 's  c y c l i c  
r e l a t i o n  so  t h a t  a  d i r e c t  e v a lu a t io n  o f  th e  r e l a t i o n  co u ld  be made.
Three o f th e  p a ra m e te rs  w ere m easured  d u r in g  t e s t s  l a s t i n g  a  th o u san d  
c y c le s  on n o tch ed  specim ens run  under c o m p le te ly  r e v e rs e d  lo a d  c o n t r o l .  
These th r e e  w ere th e  s t r e s s  and s t r a i n  in  th e  specim en f a r  removed 
from th e  n o tc h  and th e  s t r a i n  a t  th e  edge o f  th e  n o tc h . The l a t t e r  v a lu e  
was o b ta in e d  u s in g  a n o v e l l a s e r  b a sed  in te r f e r o m e t r i c  te c h n iq u e . The 
fo u rth  p a ra m e te r , s t r e s s  a t  th e  n o tc h ,  was i n f e r r e d  from  lo a d  d a ta  ta k en  
on a s m a ll ,  sm ooth specim en w hich was s u b je c te d  to  th e  s t r a i n s  m easured  
a t  th e  n o tc h . These m easurem ents w ere co n d u cted  on specim ens m an u fac tu red  
from th r e e  d i f f e r e n t  m a t e r i a l s ,  w ith  two n o tc h  g e o m e tr ie s , and run  a t  
b o th  room and e le v a te d  te m p e ra tu re s .  A f te r  h a v in g  re c o rd e d  t h i s  d a ta ,  
N e u b e r 's  r u l e  was u sed  to  compute a  v a lu e  f o r  num erous c y c le s  o f  each  
t e s t  w hich was th en  compared to  th e  t h e o r e t i c a l  s t r e s s  c o n c e n tra t io n  
f a c t o r .  R e s u lts  showed t h a t  N e u b e r 's  p a ra m e te r  was g e n e r a l ly  l e s s  th an  th e  
s t r e s s  c o n c e n tra t io n  f a c t o r  r e g a r d le s s  o f  m a t e r i a l ,  n o tc h  geom etry o r  
te m p e ra tu re  and i s ,  t h e r e f o r e ,  a  c o n s e rv a t iv e  d e s ig n  c r i t e r i o n .
CHAPTER I
INTRODUCTION
The decade o f th e  s e v e n t ie s  has b ro u g h t ab o u t a  ch an g in g  p h ilo so p h y  
in  th e  d e s ig n  o f  s t r u c t u r e s  and m achine com ponents. D u e .to  r a p id ly  r i s i n g  
c o s ts  and ex pand ing  c o m p u te r-a id ed  d e s ig n  te c h n iq u e s , th e  p h ilo so p h y  o f 
m aking a m achine p a r t  so  t h a t  i t  w ould l a s t  fo r e v e r  h as  been  re p la c e d  
w ith  th e  re q u ire m e n t t h a t  a  s t r u c t u r e  be  d esig n ed  f o r  a  s p e c i f i c  l i f e t i m e .  
T h is p h ilo so p h y  i s  f in e  in  c o n c e p t, b u t p rob lem s u n en co u n te red  in  th e  
o ld e r  d e s ig n  m ethods su d d en ly  s u r f a c e .  One o f  th e  p rob lem s i s  t h a t  o f  
f a t i g u e ,  w hich can cause  sudden c a ta s t r o p h ic  f a i l u r e s .  The g o a l o f  
th e  r e s e a rc h  p re s e n te d  in  t h i s  d i s s e r t a t i o n  i s  to  e v a lu a te  e x p e r im e n ta l ly  
a  te c h n iq u e  w hich i s  in  c u r r e n t  u se  as  a  d e s ig n  to o l  t h a t  c o n s id e rs  
f a t ig u e  in  th e  i n i t i a l  a n a ly s i s .  B efo re  d is c u s s in g  t h i s  e x p e r im e n ta l  
e v a lu a t io n ,  a  b r i e f  d e s c r ip t i o n  o f  th e  f a t ig u e  p ro c e s s  and some o f  th e  
e a r l i e r  r e s e a r c h  w i l l  be  rev iew ed .
1 .1  Overview  o f  F a tig u e
F a tig u e  i s  d e f in e d  by th e  Am erican S o c ie ty  f o r  T e s t in g  and 
M a t e r i a l s ^ ] *  a s :
The p ro c e s s  o f  p r o g r e s s iv e  lo c a l i z e d  perm anent s t r u c t u r a l  change 
o c c u r r in g  in  a  m a te r i a l  s u b je c te d  to  c o n d i t io n s  w hich p ro d u ce  f l u c ­
tu a t in g  s t r e s s e s  and s t r a i n s  a t  some p o in t  o r  p o in t s  and w hich may
Number in  b ra c k e ts  r e f e r s  to  b ib l io g r a p h y .
c u lm in a te  in  c ra c k s  o r  co m ple te  f r a c tu r e  a f t e r  a  s u f f i c i e n t  number o f  
f l u c t u a t i o n s .
T h is  d e f i n i t i o n  sums up w hat has been le a r n e d  ab o u t f a t ig u e  s in c e  
A ugust W ohler f i r s t  began h i s  s y s te m a tic  in v e s t i g a t i o n  o f  ra ilw a y  a x le  
f a i l u r e s  d u r in g  th e  1 8 5 0 's  and 1 8 6 0 's .  One o f  th e  th r e e  m ain p o in ts  
s t a t e d  in  th e  d e f i n i t i o n  i s  t h a t  f a t ig u e  i s  a  p ro g r e s s iv e  change , w hich 
means t h a t  th e  m a te r i a l  p r o p e r t i e s  a re  c y c l i c ly  d ep en d e n t. T h e re fo re , 
t h i s  p r e s e n ts  a  s e r io u s  prob lem  to  th e  d e s ig n  e n g in e e r  s in c e  a component 
w hich i s  s u b je c te d  to  a  f l u c t u a t i n g  lo a d  and s e e s  a  c o n t in u a l  m a te r ia l  
p r o p e r t i e s  change can n o t be e v a lu a te d  by a s im p le  s t r e n g th  o f  m a te r ia l s  
a p p ro ach . A lso , a  second  p rob lem  i s  th a t  f a t ig u e  r e s u l t s  in  a  perm anent 
s t r u c t u r a l  change w hich means th e  component goes beyond th e  e l a s t i c  l i m i t  
a t  l e a s t  in  a  l o c a l i z e d  a r e a .  These l a s t  two p o in ts  o f  th e  d e f i n i t i o n  
a re  i n t e r e s t i n g  s in c e  th ey  a re  e x a c t ly  w hat N euber c o n s id e re d  a n a l y t i c a l l y  
in  h i s  p a p e r  in  1961.
1 .2  L i t e r a t u r e  Survey
N e u b e r 's  C2] 1961 p a p e r  i s  a  c o n t in u a t io n  o f  h i s  famous 1958 work 
e n t i t l e d  K e rb sp an n u n g sleh re [3 ] on th e  th e o ry  o f  n o tc h  s t r e s s e s .  In  
h i s  p a p e r ,  th e  s h e a r  s t r e s s  d i s t r i b u t i o n  i s  computed m a th e m a tic a lly  f o r  
a  p r i s m a t ic  body c o n ta in in g  a  n o tc h  and lo ad ed  s t a t i c a l l y .  The d i f ­
fe re n c e  in  t h i s  a n a ly s i s  from  th e  th e o ry  o f  e l a s t i c i t y  i s  t h a t  th e  
m a te r i a l  i s  c o n s id e re d  to  obey an a r b i t r a r y  n o n l in e a r  s t r e s s - s t r a i n  
r e l a t i o n .  In  a n a ly z in g  t h i s  p ro b lem , N euber u sed  a  s t r e s s  c o n c e n tra t io n  
f a c t o r  and a s t r a i n  c o n c e n tr a t io n  f a c t o r .  The s t r e s s  c o n c e n tr a t io n  f a c to r  
i s  d e f in e d  as  th e  l o c a l  s t r e s s  a t  th e  n o tc h  d iv id e d  by th e  rem ote  s t r e s s .  
The l a t t e r  f a c t o r  i s  d e f in e d  i n  a  s im i l a r  m anner as  b e in g  th e  lo c a l
n o tc h  s t r a i n  d iv id e d  by th e  s t r a i n  f a r  removed from th e  n o tc h . The 
c o n c lu s io n s  from t h i s  g e n e r a l iz e d  a n a ly s i s  was t h a t  th e  g e o m e tr ic a l  mean 
v a lu e  o f  th e  s t r e s s  and s t r a i n  c o n c e n tr a t io n  f a c to r s  f o r  any s t r e s s -  
s t r a i n  law  i s  e q u a l to  th e  t h e o r e t i c a l  s t r e s s  c o n c e n tr a t io n  f a c t o r  as 
d e te rm in ed  by th e  th e o ry  o f  e l a s t i c i t y .
T h is h as  become known as  N e u b e r 's  r u l e :
Kt  “  ( W j ) 5* = ( e /e  x cx/S)** 
w here K = t h e o r e t i c a l  s t r e s s  c o n c e n tr a t io n  f a c t o r
e = l o c a l  s t r a i n  a t  a  n o tc h  
e = rem ote  s t r a i n  
O = l o c a l  s t r e s s  a t  a  n o tc h  
S *= rem ote s t r a i n  
When th e  m a te r i a l  a t  th e  edge o f  a  n o tc h  i s  in  th e  e l a s t i c  re g io n  
and obeys H ooke 's  law , N e u b e r 's  r u l e  s im p ly  re d u c es  to  th e  d e f i n i t i o n  o f  
th e  s t r e s s  c o n c e n tr a t io n  f a c t o r .  However, when th e  s t r e s s  n e a r  th e  
n o tc h  goes above th e  e l a s t i c  ran g e  a c c o rd in g  to  N e u b e r 's  r u l e  th e  
s t r e s s  c o n c e n tr a t io n  f a c t o r  d e c re a s e s  as  more lo a d  i s  a p p l ie d  w h ile  th e  
s t r a i n  c o n c e n tr a t io n  in c r e a s e s .
N e u b e r 's  r u l e  i s  a  g r e a t  a id  f o r  a n a ly z in g  th e  s t r e s s e s  and 
s t r a i n s  a t  a  n o tc h ,  b u t  i t  i s  o n ly  v a l i d  f o r  th e  s t a t i c  c a s e .  S in ce  th e  
d e f i n i t i o n  o f  f a t i g u e  s t a t e s  t h a t  perm anen t s t r u c t u r a l  change m ust e x i s t ,  
th en  one m ust c o n s id e r  t h a t  t h i s  may a f f e c t  N e u b e r 's  r u l e .  T h is  was 
f i r s t  i n v e s t ig a te d  by T o p p e r ^ ]  e t  a l .  i n  a  p a p e r  p u b lis h e d  i n  1969. In  
t h i s  p a p e r  some m o d if ic a t io n s  w ere made to  N e u b e r 's  r u l e  in  o rd e r  to  
ap p ly  i t  to  f a t i g u e .  The m o d if ie d  N e u b e r 's  r u l e  i s :
Kf  « (Aa/AS xA e/A e)^  
where Kf *= fa tig u e  notch fa c to r
£  _ f a t ig u e  s t r e n g th ,  un n o tch ed  specim en
f  f a t ig u e  s t r e n g th ,  n o tc h e d  specim en
Aa s  lo c a l iz e d  s t r e s s  range  
AS = rem ote s t r e s s  range 
Ae = lo c a l i z e d  s t r a i n  range  
Ae = rem ote s t r a i n  range 
The m a jo r changes i n  N e u b e r 's  r u l e  a re  t h a t  th e  t h e o r e t i c a l  s t r e s s  
c o n c e n tra t io n  f a c t o r  h as  been  re p la c e d  by th e  f a t ig u e  n o tc h  f a c t o r  and 
th e  s t r e s s e s  and s t r a i n s  have been  re p la c e d  by ra n g e s  o f  s t r e s s e s  and
s t r a i n s .  Topper e t  a l .  d id  t r y  to  e x p e r im e n ta l ly  e v a lu a te  t h i s  m o d if i­
c a t io n ,  n o t  by m easu rin g  th e  s t r e s s e s  and s t r a i n s  a t  th e  n o tc h ,  b u t  by a 
te c h n iq u e  o f  g e n e r a t in g  a  s e t  o f  l i f e  -vs. (Aa x A e)^  cu rv es  u s in g  sm ooth 
specim ens o f  two aluminum m a te r i a l s  and th en  com paring t h i s  to  th e  l i v e s  
o f  n o tc h ed  sp ec im en s . Good agreem ent was fo u n d , and i t  was concluded  
t h a t  th e  new N e u b e r 's  r u l e  f o r  f a t ig u e  was a c c u ra te  f o r  aluminum a l lo y  
p l a t e s  s u b je c te d  to  c o m p le te ly  re v e rse d  lo a d in g .
S e v e ra l  o th e r  i n v e s t i g a t o r s  have a tte m p te d  to  e v a lu a te  N e u b e r 's  
r u l e  e x p e r im e n ta l ly  by a c tu a l ly  m easu rin g  th e  p a ra m e te rs  o f  s t r e s s  and 
s t r a i n .  The g e n e r a l  t r e n d  i n  th e  e x p e r im e n ta l  i n v e s t i g a t i o n s  o f  
LeisI-5-J e t  a l . ,  Crews and H a r d r a t h ^ ] ,  Krempll-7»8»9] an d , Conle and 
Nowack^®-) h a s  been  to  t e s t  a  specim en c o n ta in in g  a  n o tc h  u n d e r e i t h e r  
lo ad  o r  s t r a i n  c o n t r o l  and m easure  th e  rem ote s t r e s s  and s t r a i n  w ith  
lo a d  c e l l s  and e x te n so m e te rs  w h ile  m easu rin g  th e  s t r a i n  a t  th e  n o tc h  
by e i t h e r  s t r a i n  gages o r  p h o to e l a s t i c  c o a t in g s .  The s t r e s s  a t  th e  n o tc h  
i s  th en  i n f e r r e d  by s u b je c t in g  an u nno tched  specim en to  th e  n o tc h  s t r a i n s  
m easu red . U sing  th e s e  q u a n t i t i e s  and th e  t h e o r e t i c a l  s t r e s s  c o n c e n tr a t io n  
f a c t o r ,  N e u b e r 's  r u le  i s  e v a lu a te d .
T his te c h n iq u e  has been  p a r t i a l l y  s u c c e s s f u l ;  how ever, s e v e r a l  
p rob lem s have e x i s t e d  in  t r y in g  to  m easure  th e  la r g e  p l a s t i c  s t r a i n s  a t  th e  
n o tc h  f o r  t e s t s  o f  any d u r a t io n .  Crews and H a rd ra th , who used b o th  p h o to -  
e l a s t i c  c o a t in g s  and s t r a i n  gages a t  th e  n o tc h ,  s t a t e d  t h a t  u se  o f  th e  
fo rm er " r e q u ire d  e x tre m e ly  te d io u s  o b s e r v a t io n s  and was s u b je c t  to  
e r r o r s  . . . L e i s ,  e t  a l . ,  i n  sp e a k in g  on th e  u se  o f  s t r a i n  g ag es , 
commented th a t  " . . .  th e  problem  in h e r e n t  in  th e  u se  o f  s t r a i n  gages 
r e s u l t  in  d e v ia t io n s  o f  m easured  s t r a i n  . . . . "  K rem pl, who ra n  t e s t s  
a t  b o th  room te m p e ra tu re  and 550° F, had t r o u b le  w ith  th e  gages l a s t i n g  
j u s t  one c y c le  a t  room te m p e ra tu re  and f o r  th e  e le v a te d  te m p e ra tu re  t e s t s  
rem arked , "due to  th e  la c k  o f  s u i t a b l e  s t r a i n  gage s e n s o r s ,  n o tc h  ro o t  
s t r a i n  m easurem ents w ere n o t  f e a s i b l e  a t  th e s e  te m p e r a tu r e s ."  A lso , 
th e  s m a l le s t  s t r a i n  gages u sed  w ere .0 3 0 " , w hich can r e s u l t  i n  s i g n i f ­
i c a n t  e r r o r s  due to  th e  h ig h  s t r a i n  g r a d ie n t  n e a r  a  sh a rp  n o tc h . However, 
one o th e r  te c h n iq u e  f o r  m easu rin g  th e  n o tc h  s t r a i n  h as  been  u sed  by 
B o f f e r d in g [ H ] ,  w hich p e rm its  gage le n g th s  on th e  o rd e r  o f  .0 0 4 " . T h is 
te c h n iq u e , known a s  th e  in t e r f e r o m e t r i c  s t r a i n  g ag e , has been  d em o n stra ted  
to  be  an a c c u ra te  m ethod and r e a d i l y  a p p l ie d  to  m easurem ents o f  t h i s  
ty p e . B o f f e r d in g 's  w ork c o n s is te d  o f  e v a lu a t in g  two n o tc h  g e o m e trie s  
and th r e e  m a te r i a l s  a t  room te m p e ra tu re  f o r  ag reem en t w ith  N e u b e r 's  r u l e .  
A gain , b o th  th e  n o tc h ed  and u n n o tch ed  specim ens w ere u se d .
Based on th e  d a ta  d ev e lo p ed  by th e s e  and o th e r  r e s e a r c h e r s ,  i t  
h a s  been  co n c lu d ed  t h a t  N e u b e r 's  c y c l i c  r u l e  i s  g e n e r a l ly  c o n s e rv a tiv e  
f o r  th e  d a ta  c o n s id e re d .  In  f a c t ,  i t  i s  c u r r e n t ly  b e in g  u sed  in  th e  
d e s ig n  p ro c e ss  a s  d e s c r ib e d  by Fuchs and S tep h en s  , and i s  w r i t t e n  
i n to  a t  l e a s t  one d e s ig n  co d e , th e  ASME codel-^^3, S e c tio n  I I I  f o r  th e  
d e s ig n  o f  n u c le a r  r e a c t o r s .  T h is  l a t t e r  a p p l i c a t io n  i s  e x tre m e ly
i n t e r e s t i n g  b ecau se  i t  d e a ls  e x c lu s iv e ly  w ith  m a te r ia l s  u n d e rg o in g  c y c l ic  
lo a d s  a t  e le v a te d  te m p e ra tu re s . A lso , th e r e  i s  some q u e s t io n  by H a iy a ^ ^ -J , 
and S e v e ru d fr-’-J on th e  s p e c i f i c s  o f  u s in g  N e u b e r 's  r u l e  in  t h i s  a p p l i ­
c a t io n  .
1 .3  Ob.j e c t i v e
Even though  t h i s  r e l a t i o n  h as  become p o p u la r  due to  i t s  s im ­
p l i c i t y ,  much i s  s t i l l  n o t  u n d e rs to o d  a b o u t v a r io u s  p a ra m e te rs  a f f e c t i n g  
N e u b e r 's  r u l e .  T h e re fo re , th e  pu rp o se  o f  t h i s  r e s e a rc h  was to  e v a lu a te  
in  d e t a i l  N e u b e r 's  c y c l i c  r u l e  a t  room and e le v a te d  te m p e ra tu re  f o r  two 
d i f f e r e n t  n o tc h  g e o m e tr ie s  and th r e e  d i f f e r e n t  m a te r i a l s .  T h is  would 
p e rm it th e  a p p l i c a b i l i t y  o f  N e u b e r 's  r u l e  to  be d i r e c t l y  e v a lu a te d  f o r  
s e v e r a l  c o n d i t io n s .
The m easurem ents needed  to  make th e  e v a lu a t io n  r e q u ir e d  u s in g  
b o th  a  n o tc h ed  and u nno tched  specim en a s  o th e r  r e s e a r c h e r s  have done. 
R e c a ll in g  N e u b e r 's  r u l e ,  Kt  = (cr/S x e / e ) ^ ,  i t  i s  a p p a re n t t h a t  f iv e  
p a ra m e te rs  m ust be o b ta in e d .  K t> . w hich i s  th e  t h e o r e t i c a l  s t r e s s  con­
c e n t r a t i o n  f a c t o r ,  was o b ta in e d  by u s in g  th e  c u rv e s  c o n ta in e d  in  
P e t e r s o n ' s ^ ^  book on s t r e s s  c o n c e n tr a t io n  f a c t o r s .  These c u rv e s  w ere 
o b ta in e d  by b o th  a n a l y t i c a l  and p h o to e l a s t i c  means and have been  shown 
to  be  q u i t e  a c c u r a te .  The o th e r  fo u r  p a ra m e te rs  a , S , £ ,  and e a l l  
m ust be o b ta in e d  by e x p e r im e n ta l  m eans.
T hree o f  th e  f o u r  p a ra m e te rs :  rem ote s t r e s s ,  rem ote s t r a i n ,
and lo c a l  s t r a i n  w ere m easured  on th e  n o tc h e d  spec im en . The t e s t s  w ere run  
on a  c o m p u te r -c o n tro l le d  e l e c t r o h y d r a u l i c  t e s t i n g  m achine u n d e r lo a d  
c o n t r o l  s t a r t i n g  from  z e ro  lo a d  and g o in g  i n to  te n s io n  to  a  p r e s e t  
v a lu e ,  and th en  r e v e r s in g  th e  lo a d  i n to  co m pression  to  th e  same lo a d
v a lu e  b e fo re  r e tu r n in g  to  z e ro  lo a d .  The rem ote s t r e s s  on th e  n o tch ed  
member was o b ta in e d  by re c o rd in g  th e  lo a d  on th e  specim en a t  s i x ty  
p o in ts  d u rin g  th e  c y c le  and d iv id in g  th e  lo a d  by th e  g ro s s  c r o s s - s e c t i o n a l  
a r e a .  In  s e t t i n g  up th e  e x p e r im e n ts , c a re  was ta k en  to  in s u r e  t h a t  th e  
maximum c ro s s  s e c t io n  s t r e s s e s  on th e  specim ens w ere below  th e  p ro p o r­
t i o n a l  l i m i t  o f  th e  m a t e r i a l .  B ecause o f  t h i s ,  th e  rem ote s t r a i n s  w ere 
computed from  th e  rem ote s t r e s s e s  u s in g  H ooke 's  law . The t h i r d  p a ra ­
m e te r  to  be m easured  on th e  n o tc h ed  specim en was l o c a l  s t r a i n  a t  th e  
n o tc h ,  and t h i s  was acco m p lish ed  u s in g  an in te r f e r o m e t r i c  s t r a i n  gage .
T h is te c h n iq u e  was dev elo p ed  by W. N. S harpe and i s  d e s c r ib e d  in  more 
d e t a i l  l a t e r  i n  t h i s  r e p o r t .  However, i t  p e rm it te d  th e  l o c a l  s t r a i n s  
to  be m easured no f u r th e r  th a n  .0 0 2 "  away from  th e  edge o f  th e  n o tc h  
w ith  a  gage le n g th  o f  be tw een  .0 0 4 "  to  .0 0 6 " . As th o s e  th r e e  p ie c e s  o f  
d a ta  were c o l l e c t e d ,  th e y  w ere s to r e d  by a m in icom pu ter on a  m ag n etic  
d is k  f o r  use  l a t e r .  T e s ts  on th e  n o tc h ed  specim ens c o n tin u e d  f o r  a 
maximum o f  1000 com plete  c y c le s  o r  u n t i l  th e  specim en c ra ck e d  to  a 
p o in t  where no f u r t h e r  m easurem ents o f  l o c a l  s t r a i n  w ere p r a c t i c a l .
A f te r  co m p le tin g  th e  n o tc h ed  specim en t e s t ,  o n ly  one p a ra m e te r  
o f  N e u b e r 's  r u le  rem ained  unknown, th e  l o c a l  s t r e s s .  T h is  s t r e s s  v a lu e  
was o b ta in e d  u s in g  sm ooth specim en  s im u la t io n .  A specim en c o n ta in in g  
no n o tc h e s  was s u b je c te d  to  th e  same s t r a i n s  as  w ere m easured  n e a r  th e  
n o tc h  in  th e  n o tc h e d  sp ec im en . By m easu rin g  th e  lo a d  f o r  each  im posed 
s t r a i n ,  th e  l o c a l  s t r e s s  was computed by d iv id in g  t h i s  lo a d  by th e  sm ooth 
sp e c im e n 's  c r o s s - s e c t i o n a l  a r e a .  In  t h i s  c a se  th e  m in ico m p u te r was u sed  to  
re c o rd  th e  s t r a i n s  f o r  e ach  c y c le  and su b se q u e n tly  d i r e c t e d  th e  e l e c t r o -  
h y d r a u l ic  t e s t  m achine to  lo a d  th e  specim en u n t i l  t h a t  s t r a i n  was re a c h e d ; 
th e  com puter th e n  re c o rd e d  on th e  m ag n e tic  d is k  th e  com puted l o c a l  s t r e s s .
T h e re fo re , w ith  th e  a c q u i s i t i o n  o f  t h i s  p ie c e  o f  d a ta ,  e v e ry th in g  t h a t  
was needed  to  e v a lu a te  N e u b e r 's  r u l e  had been  m easu red .
T h is  p ro c e d u re  was fo llo w e d  on specim ens from  th r e e  d i f f e r e n t  
m a te r i a l s :  7475 alum inum , 2024 aluminum and 1018 s t e e l .  Each o f  th e
th r e e  m a te r i a l s  w ere t e s t e d  w ith  two n o tc h  g e o m e tr ie s  and a t  b o th  room 
te m p e ra tu re  and a m o d e ra te ly  e le v a te d  te m p e ra tu re . The d e t a i l s  o f  th e  
specim en d e s ig n  a re  found i n  C h ap ter I I .
C h ap te r I I I  d e s c r ib e s  th e  v a r io u s  t e s t  a p p a ra tu s  needed  to  o b ta in  
a l l  m easu rem en ts. The s o f tw a re  w r i t t e n  to  c o n tr o l  th e  v a r io u s  p ie c e s  
o f  equipm ent s im u lta n e o u s ly  i s  d e t a i l e d  in  C h ap ter IV. P ro ce d u re s  
u sed  in  c o n d u c tin g  a l l  o f  th e  t e s t s  a r e  l i s t e d  in  C h ap ter V, w h ile  
C h ap te r VI p r e s e n ts  th e  r e s u l t s  o f  th e s e  t e s t s .  C o n c lu sio n s  b ased  upon 
th e  d a ta  o b ta in e d  com prise  C h ap te r V II .
CHAPTER II
SPECIMEN DESIGN
N eu b er’s r e l a t i o n  a s  d e s c r ib e d  in  th e  p re v io u s  c h a p te r  i s  v e ry  
g e n e r a l  and i s  c u r r e n t ly  b e in g  used  in  th e  f a t ig u e  a n a ly s i s  o f  many 
d i f f e r e n t  m a t e r i a l s ,  g e o m e tr ie s  and te m p e ra tu re s ;  how ever, i t  h a s  o n ly  
been  e v a lu a te d  e x p e r im e n ta l ly  in  a  v e ry  few c a se s  by v a r io u s  r e s e a r c h e r s .  
In  an  e f f o r t  to  e v a lu a te  N eu b er’s  r u le  and to  u n d e rs ta n d  th e  in f lu e n c e  
o f  th e s e  v a r io u s  p a ra m e te r s ,  a  s e r i e s  o f  t e s t s ,  i n  w hich th e  th r e e  
p a ra m e te rs  o f  m a te r i a l ,  geom etry , and te m p e ra tu re  a re  v a r i e d ,  w ere ru n .
T h is  c h a p te r  d e s c r ib e s  th e  d e s ig n  o f  th e  specim ens f o r  th e s e  t e s t s  and 
th e  re a so n in g  b e h in d  th e  s e l e c t i o n  o f  th e  p a ra m e te rs .  I t  sh o u ld  be 
n o te d  th a t  s in c e  t h i s  e f f o r t  was funded by th e  LSU and s p l i t  betw een 
two u n i v e r s i t i e s ,  th e  specim en d e s ig n s  w ere somewhat- c o n s tr a in e d  so th a t  
b o th  u n i v e r s i t i e s ’ d a ta  would be co m p arab le .
2 .1  Geometry
One o f  th e  b ig  a d v a n ta g e s  o f  u s in g  N e u b e r 's  r e l a t i o n  in  f a t ig u e  
d e s ig n  i s  t h a t  i t  can  be  a p p l ie d  to  any n o tc h  geom etry . T h e re fo re , in  
th e  d e s ig n  p r o c e s s ,  d a ta  b a se d  on a  p a r t i c u l a r  m a te r ia l  can  b e  o b ta in e d  
by t e s t i n g  sm ooth spec im ens e a sy  to  f a b r i c a t e .  T h is  d a ta  can th en  be 
u sed  i n  f a t i g u e  c a l c u l a t i o n s  o f  s t r u c t u r e s  c o n ta in in g  e x tre m e ly  complex 
n o tc h  g e o m e tr ie s .  B ecause o f  t h i s  f a c t ,  i t  was f e l t  t h a t  d i f f e r e n t  
g e o m e tr ie s  sh o u ld  b e  lo o k e d  a t  v e ry  c a r e f u l l y .  I n i t i a l l y  two n o tc h
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g e o m e trie s  w ere to  be c o n s id e re d  w hich w ere s i m i l a r  to  th o s e  u sed  by
B o f f e r d i n g .  They w ere a  c i r c u l a r  h o le  in  a t h in  p l a t e  and an  e l l i p ­
t i c a l  h o le  in  a  t h in  p l a t e .  The LSU d e s ig n  o f  th e  c i r c u l a r  h o le  in  s p e c i ­
men i s  shown i n  F ig u re  2 .1 .  The b la n k  f o r  th e  specim en i s  a  V  th ic k  
p l a t e ,  2 V  w ide and e ig h t  in c h e s  lo n g  and c o n ta in s  th e  b o l t  h o le s  f o r  th e  
g r i p s .  The lo n g  a x is  o f  th e  b la n k  i s  o r ie n te d  p a r a l l e l  to  th e  r o l l i n g  
d i r e c t i o n  o f  th e  p l a t e  o r  f l a t  b a r .  T h is  b la n k  i s  th e n  m achined in  th e  
c e n te r  to  a  th ic k n e s s  o f  .1 5 0 " , a  w id th  o f  1 .5 0 " ,  and a  gage le n g th  o f  
two in c h e s  c o n ta in in g  a  .2 6 0 "  d ia m e te r  h o le  p la c e d  i n  th e  c e n te r .  T h is  
h o le  was b o red  r a t h e r  th a n  d r i l l e d  to  in s u r e  a  more u n ifo rm  d ia m e te r .
The t h e o r e t i c a l  s t r e s s  c o n c e n t r a t io n  f a c t o r  b a se d  upon g ro s s  c r o s s -  
s e c t i o n a l  a re a  f o r  t h i s  geom etry  was o b ta in e d  from  P e te rs o n  a s  3 .1 ,  and 
i s  e q u a l to  t h a t  u sed  i n  th e  B o ffe rd in g  sp ec im en s.
The d e s ig n  o f  th e  o r i g i n a l  e l l i p t i c a l  h o le  in  th e  t h i n  p l a t e  i s
v e ry  s im i la r  to  t h a t  o f  th e  c i r c u l a r  h o le  sp ec im en . The same b la n k  i s  
u sed  f o r  b o th . The o n ly  d i f f e r e n c e  i s  t h a t  i n s t e a d  o f  a  c i r c u l a r  h o le ,  
an  e l l i p s e  w ith  th e  m a jo r and m ino r axes o f  .2 6 0 "  and .1 3 8 " , r e s p e c t iv e ly ,  
was u s e d . For t h i s  g eo m etry , th e  m a jo r a x is  i s  o r ie n te d  p e rp e n d ic u la r  to  
th e  l o n g i tu d in a l  a x is  o f  th e  sp ec im en . T h is  geom etry  i s  shown i n  F ig ­
u re  2 .2 .  The t h e o r e t i c a l  s t r e s s  c o n c e n tr a t io n  f a c t o r  f o r  t h i s  geom etry  
was found to  be 4 .9 2  from  P e te r s o n ,  w h ile  th e  geom etry  u sed  by B o ffe rd in g  
had a f a c t o r  o f  5 .1 .  A m ajo r d i f f e r e n c e  betw een  th e  specim en  c o n ta in in g  
a  c i r c u l a r  h o le  and th e  ones w ith  an e l l i p t i c a l  h o le  was th e  a c tu a l  
m ach in ing  o f  th e  d i s c o n t i n u i t y .  The e l l i p s e  was c o n s id e ra b ly  h a rd e r  to  
m achine and s in c e  no n u m e r ic a l ly  c o n t r o l le d  m i l l i n g  m achine was a v a i l a b l e ,  
i t  was done m a n u a lly . The m ach in in g  p ro c e s s  c o n s is te d  o f  f i r s t  m i l l i n g  a 
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an e l l i p s e  was roughed in  on th e  specim en  by m i l l in g  and , f i n a l l y ,  th e  
b ro a c h in g  to o l  was fo rc e d  th ro u g h  th e  specim en to  form  th e  e l l i p s e .  
M icro sco p ic  in s p e c t io n s  o f  th e  e l l i p t i c  n o tc h e s  a f t e r  m ach in ing  re v e a le d  
t h a t  th e r e  was q u i te  a  v a r ia n c e  i n  th e  shape  o f  th e  n o tc h ,  e s p e c ia l l y  
a t  th e  p o in t  h av in g  th e  minimum r a d iu s  o f  c u rv a tu re .  I n i t i a l  c a l i b r a t i o n  
t e s t i n g  o f  th e s e  specim ens re v e a le d  a  s t r e s s  c o n c e n tr a t io n  f a c t o r  o f  
a p p ro x im a te ly  3 .3  in s te a d  o f  th e  4 .9 2  d e s i r e d .  A ls o , f a t ig u e  t e s t i n g  
o f  th e s e  specim ens d is c lo s e d  e r r a t i c  r e s u l t s  o f  specim ens o f  th e  same 
m a te r ia l s  w ith  th e  same e l l i p t i c  n o tc h  and t e s t e d  a t  th e  same lo a d .
B ecause o f  t h i s  v a r ia n c e ,  i t  was f e l t  t h a t  th e  e l l i p t i c a l l y  n o tc h ed  
specim ens would n o t  f u r n i s h  d a ta  w ith  th e  d e s i r e d  r e p e a t a b i l i t y  
betw een spec im en s. T h e re fo re , th e  n o tc h  geom etry  o f  th e  e l l i p t i c a l  
specim ens was changed .
The new n o tc h  geom etry  s e le c te d  was t h a t  o f  a  h o le  c o n ta in in g  
two s m a l le r  d ia m e te r  h a l f  c i r c l e s  m achined on b o th  edges o f  a  l a r g e r  
h o le .  The draw ing d e t a i l i n g  t h i s  geom etry i s  shown i n  F ig u re  2 .3 .
The s t r e s s  c o n c e n tr a t io n  f a c t o r  f o r  t h i s  geom etry was a g a in  o b ta in e d  
from P e te rs o n  and found to  be 5 .9 2 . The d im ensions o f  th e  n o tc h  w ere 
chosen so  t h a t  th e  a lr e a d y  m achined e l l i p t i c a l  n o tc h e d  specim ens cou ld  
be s a lv a g e d  by re m a ch in in g . An " I "  d r i l l  w ith  a  d ia m e te r  o f  .272" was 
used  to  d r i l l  o u t th e  e l l i p s e  and th en  th e  two h a l f  c i r c l e s  w ere p la c e d  
a t  th e  edges o f  th e  c i r c l e s  u s in g  a 1 /1 6 "  d ia m e te r  end m i l l .  C a l ib r a t io n  
t e s t i n g  o f  t h i s  new geom etry  re v e a le d  an  e x tre m e ly  sh a rp  n o tc h  a t  th e  
edge o f  th e  two h a l f  c i r c l e  h o le s .
I t  sh o u ld  be n o te d  th a t  two o th e r  f a c to r s  in f lu e n c e d  th e  d e s ig n  
o f  th e  sp ec im en s. They w ere  th e  lo a d  c a p a c i ty  o f  th e  t e s t i n g  m achine and 
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20 ,000  pound lo a d  c a p a c i ty  o f  th e  t e s t i n g  m ach ine , I t  was assumed th a t  
th e  u l t im a te  s t r e n g th  o f  any o f  th e  m a te r i a l s  would n o t ex ceed  100 k s i .  
Under th e s e  c o n d i t io n s ,  th e  MTS m achine would p u l l  a specim en w ith  a 
c r o s s - s e c t i o n a l  a r e a  o f  .22  sq u a re  in c h e s  to  f a i l u r e .  C o n seq u en tly , a 
specim en b la n k  h av in g  a  c r o s s - s e c t i o n a l  a r e a  o f  .225 sq u a re  in c h e s  was 
c h o sen . The second  d e s ig n  c r i t e r i o n ,  th e  re q u ire m e n t o f  e l a s t i c  
s t a b i l i t y ,  was h a n d led  by com puting th e  E u le r  lo a d  o f  th e  n o tc h e d  sp e c ­
im en. The specim en was c o n s id e re d  to  b e  p e r f e c t l y  a l ig n e d  in  two 
i n f i n i t e l y  r i g i d  g r i p s .  The c r i t i c a l  lo a d  f o r  a  beam f ix e d  a t  b o th  ends 
was computed to  be  Pc r  = Att^ E I = 1 8 ,5 0 0  pounds. T h is  g iv e s  a  f a c t o r  o f  
s a f e ty  o f  2 a g a in s t  f a i l u r e  by b u c k lin g  i f  th e  m achine lo a d  p la c e d  on 
th e  specim en does n o t  ex ceed  th e  e x p ec te d  40 k s i .  T h e re fo re , i t  was 
f e l t  t h a t  t h i s  f a c t o r  o f  s a f e ty  was la r g e  enough to  a llo w  f o r  any m is­
a lig n m e n t o r  f l e x i b i l i t y  o f  th e  g r i p s ,  so  t h a t  no n o tc h e d  specim en would 
f a i l  by b u c k lin g  when lo a d e d  l e s s  th a n  th e  s p e c i f i e d  maximum.
One o th e r  geom etry  was u sed  in  e v a lu a t in g  N e u b e r 's  r u l e  and i t  
was t h a t  o f  a  sm ooth spec im en . F ig u re  2 .4  i l l u s t r a t e s  th e  d e t a i l s  o f  
t h i s  specim en d e s ig n .  I t  i s  c u t from th e  same V  p l a t e  a s  th e  n o tc h ed  
specim en and th e  b la n k  had th e  d im ensions o f  3 V  lo n g  and V  w id e . The 
m achined specim en had a  necked  down re g io n  .2 0 0 "  by .1 5 0 "  o v e r  a  gage 
le n g th  o f  o n ly  .5 3 6 " . T h is  gage le n g th  was s l i g h t l y  lo n g e r  th a n  th e  .5 0 0 "  
le n g th  o f  an  e x te n s o m e te r , y e t  was s m a ll enough to  re d u c e  th e  chance  o f  
b u c k lin g . In  c o n s id e r in g  th e  two d e s ig n  c o n s t r a in t s  d is c u s s e d  above 
f o r  th e  n o tch ed  sp ec im en s , i t  becomes a p p a re n t t h a t  e x ce e d in g  th e  lo a d  
c a p a c i ty  o f  th e  m achine i s  o f  no w orry  w ith  a  specim en  h a v in g  a  c r o s s -  
s e c t i o n a l  a r e a  o f  o n ly  .0 3 0 " . However, b u c k lin g  i s  a  m a jo r c o n c e rn , 









f a c t o r  o f  s a f e ty  was lo w er th a n  b e fo re  w hich  means th e  g r ip  a lig n m e n t 
becam e m ore c r i t i c a l ;  b u t ,  i t  was l a r g e  enough so t h a t  no m a jo r p rob lem s 
w ere e n c o u n te re d . The re a so n  th e  smooth specim ens w ere so much s m a l le r  was 
t h a t  th ey  a re  ru n  u n d e r th e  same s t r a i n s  found  a t  th e  edge o f  th e  n o tc h  
so  t h e i r  f a i l u r e  w ould  c o rre sp o n d  to  th e  i n i t i a t i o n  and grow th  o f  a  
c ra c k  a t  th e  n o tc h  .
2 .2  M a te r ia ls
T hree  d i f f e r e n t  m a te r i a l s  w ere chosen  f o r  th e  t e s t s .  They w ere  
aluminum 7475-T7351 p l a t e ,  2024-T351 p l a t e  and 1018 c o ld - r o l l e d  s t e e l  
f l a t  b a r .  These m a te r i a l s  w ere o r i g i n a l l y  chosen  and p u rc h a se d  by J .  F. 
M a rtin  o f  M ich igan  S ta t e  U n iv e r s i ty .  These m a te r i a l s  w ere s e l e c t e d  in  
o rd e r  t h a t  N e u b e r 's  r u l e  c o u ld  be  e v a lu a te d  f o r  m a te r i a l s  h a v in g  d i f f e r i n g  
c y c l i c  p r o p e r t i e s .  The' 7475-T7351 aluminum i s  a  h ig h  s t r e n g th  a i r c r a f t  
a l l o y  w hich  i s  c y c l i c l y  s t a b l e ,  w h ile  th e  2024-T351 aluminum i s  a  lo w er 
s t r e n g th  a l l o y  h a v in g  c y c l i c  h a rd e n in g  p r o p e r t i e s .  The 1018 c o ld  r o l l  
s t e e l  i s  a  common, low carb o n  s t e e l  h a v in g  a  h ig h e r  e l a s t i c  m odulus th an  
t h a t  o f  th e  aluminums and can  be e i t h e r  c y c l i c  s o f t e n in g ,  h a rd e n in g  o r  
s t a b l e  depend ing  upon th e  s t r a i n  a m p litu d e . F o r th e  t e s t s  c o n d u c te d , 
th e  1018 behaved  in  a c y c l i c l y  s o f te n in g  m anner.
As m en tio n ed  ab o v e , th e  m a te r i a l  f o r  th e  t e s t s  was p u rc h a se d  by 
M artin  and was in  th e  form  o f  V ' th i c k  p l a t e s .  However, M artin  ran  
s h o r t  on th e  1018 CRS, so  a s  a  re p la c e m e n t a  p ie c e  o f  1018 f l a t  b a r  was 
p u rch ased  by LSU. The 2^"  w ide f l a t  b a r  was chosen  b e c a u se  o f  i t s  
a v a i l a b i l i t y  and s i z e  f a c i l i t a t e d  specim en  m ach in in g . D e ta i l s  o f  th e  
s i z e  o f  th e  p l a t e s  r e c e iv e d  from  M a r tin  a s  w e l l  a s  th e  specim en la y o u ts  
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In  o rd e r  to  c h a r a c t e r i z e  th e s e  th r e e  m a t e r i a l s ,  one sm ooth s p e c -  
Imen o f  e ach  m a te r ia l  was in s tru m e n te d  w ith  a s t r a i n  gage and a s t r e s s -  
s t r a i n  cu rv e  g e n e ra te d  a t  room te m p e ra tu re . The r e s u l t s  o f  th e s e  t e s t s  
a r e  shown in  F ig u re s  2 .8  th ro u g h  2 .1 0  and a re  sum m arized in  T ab le  2 .1 .
T ab le  2 .1  
M a te r ia l  P r o p e r t i e s
M a te r ia l P r o p o r t io n a l  L im it 0.2% Y ie ld  S tr e n g th Y oung's M odules
KSI KSI KSI
AL 2024T351 4 4 .0 5 5 .5 1 0 .0E3
CRS 1018 7 0 .5 8 6 .0 29.3E3
AL 7475T7351 4 9 .0 5 7 .5 9.8E3
2 .3  T em peratu re
The e f f e c t  t h a t  te m p e ra tu re  h as  on th e  f a t i g u e  l i f e  o f  a 
component i s  q u i t e  im p o r ta n t b ecau se  many h ig h ly  s t r e s s e d  p a r t s  u n d e r­
g o in g  a  c y c l i c  lo a d  a r e  o p e ra t in g  a t  e le v a te d  te m p e ra tu re s . An exam ple 
o f  t h i s  i s  th e  tu r b in e  b la d e  in  a  j e t  en g in e  w hich  m ust w ith s ta n d  th e  
h ig h  lo a d s  i n  an e x tre m e ly  h o s t i l e  en v ironm en t and a t  th e  same tim e  be  
d e s ig n e d  f o r  minimum w e ig h t .  In  a p p l i c a t io n s  such  a s  t h i s ,  N e u b e r 's  
r u l e  would be ex tre m e ly  u s e f u l  i f  i t  w ere  shown to  be v a l i d  f o r  e le v a te d  
te m p e ra tu re  e n v iro n m e n ts . A lso , a  m o d if ied  form  o f  N e u b e r 's  r u le  
w r i t t e n  i n to  th e  ASME code i s  f o r  com ponents o p e ra te d  a t  e le v a te d  
te m p e ra tu re s .  T h e re fo re , i t  was d e c id e d  to  ru n  th e  same g e o m e tr ie s  
and m a te r i a l s  a t  b o th  room te m p e ra tu re  and a t  a  m o d e ra te ly  e le v a te d  
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d is c u s s e d  below . I t  sh o u ld  be o b se rv e d , how ever, t h a t  t h i s  e le v a te d  
te m p e ra tu re  t e s t i n g  was o n ly  co nducted  a t  LSU and th a t  B o ffe rd in g  p e r ­
formed o n ly  room te m p e ra tu re  t e s t s .
The e le v a te d  te m p e ra tu re  ch osen  to  t e s t  b o th  aluminum m a te r i a l s  
was 300°F . The m ain re a so n s  t h i s  te m p e ra tu re  was ch osen  w ere b e ca u se  
th e  m a te r i a l  p r o p e r t i e s  su ch  a s  y i e ld  s t r e n g th  and t e n s i l e  s t r e n g th  
d e c re a se  s i g n i f i c a n t l y  from  th o se  a t  room te m p e ra tu re  and th a t  300°F 
i s  p ro b a b ly  th e  h ig h e s t  no rm al o p e ra t in g  te m p e ra tu re  th e s e  aluminums 
would e v e r  be d e s ig n e d  f o r .  A lso , t h i s  te m p e ra tu re  does n o t  p r e s e n t  
any p rob lem s f o r  th e  fu rn a c e  d esig n ed  f o r  t h i s  pu rp o se  and o th e r  r e q u ire d  
in s t r u m e n ta t io n .
The s t e e l  specim ens p re s e n te d  more p rob lem s f o r  e le v a te d  tem p er­
a tu r e  t e s t i n g  b ecau se  o f  t h e i r  in c re a s e d  o x id a t io n  r a t e  a t  th e  h ig h e r  
te m p e ra tu re s . S in ce  th e  in t e r f e r o m e t r i c  s t r a i n  gage (ISG) o p e ra te s  w ith  
l i g h t  r e f l e c t e d  from  th e  specim en s u r f a c e ,  e x c e s s iv e  o x id a t io n  would 
cause  th e  r e f l e c t e d  l i g h t  to  grow dimmer c a u s in g  m easurem ent p ro b le m s .
In  an  e f f o r t  to  d e te rm in e  a  te m p e ra tu re  a t  w hich th e  ISG would f u n c t io n  
p ro p e r ly  f o r  a  minimum o f  fo u r  h o u rs , s e v e r a l  e x p e rim en ts  were c o n d u c te d . 
These e x p e r im e n ts  re v e a le d  t h a t  th e  specim en  c o u ld  be  h e ld  betw een  5 5 0 - 
600°F f o r  s ix  o r  more h o u rs  w ith o u t s e r io u s ly  d eg ra d in g  th e  s u r f a c e .
To o p e ra te  a t  any te m p e ra tu re  above 600°F would r e q u i r e  a s p e c i a l  c o a t in g  
on th e  specim en o r  t e s t i n g  i n  an i n e r t  en v iro n m en t. T h e re fo re , 550°F 
was i n i t i a l l y  chosen  a s  th e  t e s t i n g  te m p e ra tu re ;  how ever, i n  re v ie w in g  
th e  peak  o p e r a t in g  te m p e ra tu re  o f  th e  e x te n s o m e te r , i t  was found t h a t  
500° was th e  maximum te m p e ra tu re  a t  w hich  th e  s t r a i n  gage a d h e s iv e  and 
s o ld e r  would w ork . Any h ig h e r  te m p e ra tu re  w ould r e s u l t  i n  th e  u se  o f
s p e c i a l  ceram ic  bond ing  te c h n iq u e s ,  th e  t e s t  te m p e ra tu re  f o r  th e  s t e e l  
specim ens was downgraded to  500°F . I t  i s  f e l t ,  how ever, t h a t  f o r  t h i s  
common low  carbon  m a te r i a l ,  no rm al d e s ig n  te m p e ra tu re s  p ro b a b ly  would 
n o t  exceed  t h i s  v a lu e .
CHAPTER III
TEST APPARATUS
The equipm ent needed  to  p e rfo rm  th e  m easurem ents d e s c r ib e d  in  
th e  In t r o d u c t io n  i s  e x p la in e d  i n  d e t a i l  i n  t h i s  c h a p te r .  The t e s t  
a p p a ra tu s  c o n s i s t s  p r im a r i ly  o f :  (1) th e  in t e r f e r o m e t r i c  s t r a i n  g ag e ,
(2) th e  e x te n s o m e te r , (3) th e  specim en g r i p s ,  (4 ) th e  h e a te r  and tem ­
p e r a tu r e  c o n t r o l l e r ,  and (5) th e  e l e c t r o h y d r a u l l c  t e s t i n g  m achine and 
com puter i n t e r f a c e .
3 .1  I n te r f e r o m e t r i c  S t r a i n  Gage
The h e a r t  o f  th e  m easurem ent sy stem  i s  th e  i n t e r f e r o m e t r i c  s t r a i n  
gage (IS G ), w hich  p e rm its  th e  m easurem ent o f  h ig h ly  l o c a l i z e d  s t r a i n s  
due to  i t s  sm a ll gage le n g th .  The b a s ic  p r i n c i p l e  o f  th e  ISG, w hich was 
developed  and u sed  by S h a r p e d ? } ,  i s  s i m i l a r  to  Young’s  two s l i t  
f r in g e  e x p e r im e n t. In  t h i s  c a s e ,  how ever, in s t e a d  o f  h av in g  two s l i t s ,  
two r e f l e c t i v e  s u r f a c e s  w ere u s e d . These r e f l e c t i n g  s u r f a c e s  a re  p la c e d  
i n to  th e  s u r f a c e  o f  th e  specim en  th ro u g h  th e  u se  o f  a  V ic k e rs  h a rd n e ss  
t e s t e r  and a re  a c t u a l l y  p y ram id a l in d e n ta t io n s  m easu rin g  a p p ro x im a te ly  
17 m ic ro n s  on a  s id e .  C o h eren t l i g h t  from  a  h e liu m -n eo n  l a s e r  i l l u ­
m in a te s  a  p a i r  o f  th e s e  c lo s e ly  sp aced  in d e n ta t io n s  (100 m ic ro n s) and 
i s  r e f l e c t e d  from  t h e i r  i n c l in e d  s u r f a c e s .  T h is  i s  an a lo g o u s  to  h a v in g  
two p o in t  so u rc e s  o f  c o h e r e n t  l i g h t  o u t o f  p h ase  w ith  each  o th e r  w hich 
r e s u l t s  i n  an i n t e r f e r e n c e  p a t t e r n  o f  l i g h t  and d a rk  f r in g e s  b e in g  









F ig u re  3 .1 .  I n t e r f e r o m e t r i c  S t r a i n  Gage P r in c i p le s
From t h i s  d iagram  th e  b a s ic  e q u a tio n  f o r  th e  i n t e r f e r e n c e  p a t t e r n  can 
be fo rm u la te d .
d s in  a 0 = m X ; m e l , 2 , 3 , . . .  3 .1
w here d = in d e n ta t io n  sp a c in g
a D * r e f l e c t e d  a n g le  
X = w av e len g th
T hree p a ra m e te rs  a f f e c t i n g  th e  s p a c in g  o f  th e s e  f r in g e s  a r e  th e  d is ta n c e  
from  th e  r e f l e c t i n g  s u r f a c e ,  th e  w av e len g th  o f  th e  c o h e re n t l i g h t  s o u rc e  
and th e  sp a c in g  betw een th e  in d e n ta t io n s .  By o b s e rv in g  th e  f r in g e  
p a t t e r n  from  a f ix e d  p o s i t io n  in  s p a c e , th e  r e l a t i o n  betw een  d isp la c e m e n t 
o f  th e  in d e n ta t io n s  and f r i n g e  m otion  i s  found to  b e :
fid «* (X /s in  a Q) 5m 3 .2
w here , 6m i s  th e  number o f  f r in g e s  p a s s in g  th e  f ix e d  p o s i t i o n .  When 
th e  two in d e n ta t io n s  move a p a r t ,  e q u a tio n  3 .1  s t a t e s  t h a t  a Q m ust d e c re a se  
th u s ,  th e  r e f l e c t e d  beam moves tow ard  th e  i l lu m in a t in g  beam f o r  a t e n s i l e
lo a d . A second  cau se  o f f r in g e  m o tion  i s  t h a t  o f  r i g i d  body m otion  o f
th e  spec im en . T h is ,  how ever, r e s u l t s  in  one f r in g e  p a t t e r n  m oving tow ard  
th e  i n i t i a l  l a s e r  beam w ith  th e  second  moving in  th e  o p p o s i te  d i r e c t i o n .  
T h e re fo re , in  o rd e r  to  f i l t e r  o u t th e  f r in g e  m otion  r e s u l t i n g  from  r i g i d  
body m otion  o f  th e  sp ec im en , two o b s e r v a t io n  p o in ts  a re  u se d , one above 
and th e  o th e r  below  th e  i n c id e n t  beam. By a v e ra g in g  th e  f r in g e  m o tio n s 
o b ta in e d  a t  each  o f  th e s e  l o c a t i o n s ,  th e  r i g i d  body m otion  i s  e l im in a te d  
and th e  d isp la c e m e n t i s  com puted by th e  fo llo w in g  e q u a tio n :
<Sd = M fin ^  +' 6 m2 /2 )7 -s in  a Q 3 , 3
w here <5m^  = f r in g e  m otion  o f  u p p er c h an n e l
6m2 « f r i n g e  m otion  o f  lo w er c h an n e l 
The s t r a i n  i s  s im p ly  computed by d iv id in g  fid by th e  o r i g i n a l
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sp a c in g  d .
In  o rd e r  to  m easure  th e  f r in g e  m otion  so  t h a t  th e  s t r a i n  in  th e  
a re a  o f  th e  in d e n ta t io n s  can be o b ta in e d , a d d i t io n a l  equ ipm ent i s  n eed ed . 
T h is  equipm ent i s  shown s c h e m a tic a l ly  in  F ig u re  3 .2  and c o n s i s t s  o f  a 
p a i r  o f  s e r v o c o n t r o l le d  m ir r o r s  p lu s  a  p a i r  o f  p h o to m u l t ip l ie r  tu b e s  
w ith  narrow  a p e r tu r e s  a c ro s s  t h e i r  a c t i v e  r e g io n . The m ain p u rp o se  
f o r  h av in g  th e  m i r r o r s ,  and th e  re a so n  th a t  th ey  a r e  s e r v o c o n t r o l le d ,  
i s  to  p ro v id e  some means f o r  sw eeping th e  f r in g e  p a t t e r n  a c ro s s  th e  
a p e r a tu r e .  The p h o to m u l t ip l ie r  tu b e s  s e rv e  to  c o n v e r t th e  l i g h t  
i n t e n s i t y  o f  th e  f r in g e s  i n to  a  v o l ta g e  w hich can th e n  be a m p lif ie d  and 
fed  in to  a m in icom pu ter f o r  d a ta  r e d u c t io n .
On th e  f r o n t  o f  th e  p h o to m u l t ip l ie r  tu b e s  (PMT's) i s  a  f i l t e r  to  
s c re e n  o u t any f r e q u e n c ie s  o th e r  th an  th o s e  o f  th e  h e liu m -n eo n  l a s e r .
T h is  p re v e n ts  e x te r n a l  l i g h t  so u rc e s  from  a f f e c t i n g  th e  PMT’s  o u tp u t ;  
how ever, as a  sec o n d a ry  p r e c a u t io n ,  a l l  o f  th e  room l i g h t i n g  i s  tu rn e d  
o f f  when th e  system  i s  in  o p e r a t io n ,  and o n ly  a  sm a ll w o rk llg h t  p o in te d  
away from  th e  system  i s  u s e d . A lso , a c ro s s  th e  f i l t e r  i s  an a p e r a tu r e  
in  th e  form o f  a  s l i t  much n a rro w e r th a n  th e  w id th  o f  a s in g l e  f r i n g e .  
T h is  a p e r tu r e  i s  a l ig n e d  p a r a l l e l  to  th e  f r i n g e s .  C o n seq u en tly , when th e  
m ir r o r s  a re  s lo w ly  r o t a t e d ,  th e  f r in g e  p a t t e r n  moves a c r o s s  th e  a p e r tu r e  
o f  th e  PMT w hich s e n d s  a s i g n a l  a s  shown in  F ig u re  3 .3 .  T h i s - p a t te r n  
has b een  shown by S harpe  to  have th e  ap p ea ran ce  o f  an ap p ro x im a te  c o s in e -  
sq u a red  f u n c t io n .  The s o f tw a re  w hich a c tu a l ly  tra n s fo rm s  t h i s  f r in g e  
m otion  in to  a s t r a i n  s ig n a l  i s  d e s c r ib e d  in  th e  n e x t  c h a p te r .
3 .2  E x ten so m eter





















F ig u re  3 .3 .  P h o to m u lt ip l ie r  Tube V o ltag e  S ig n a l
LO
33
i s  u sed  a s  a  c o n t r o l  v a r i a b l e  f o r  smooth specim en lo a d in g  so t h a t  th e  s t r e s s  
c o rre sp o n d in g  to  th e  m easured  n o tc h  s t r a i n  can be o b ta in e d . In  o rd e r  to  
in c o r p o r a te  t h a t  s t r a i n  i n t o  a feed b ack  lo o p , a  d e v ic e  t h a t  p ro v id e s  a  
v o l ta g e  p r o p o r t io n a l  to  s t r a i n  was n eed ed . For t h i s  p u rp o se  an e x te n -  
so m eter was d e s ig n e d . Some o f  th e  re q u ire m e n ts  w ere  t h a t  i t  be  l i n e a r ,  
a c c u ra te  and o p e ra te  a t  th e  maximum t e s t i n g  te m p e ra tu re  o f  500°F.
An assem bly  draw ing o f  th e  b a s ic  d e s ig n  th a t  was f a b r i c a te d  i s  
shown in  F ig u re  3 .4 .  I t  c o n s is te d  o f  th r e e  m ain p a r t s ;  th e  k n i f e  e d g e s , 
th e  b en d in g  beam, and th e  r e s i s t a n c e  s t r a i n  g a g es . The e x ten so m e te r i s
a t ta c h e d  to  th e  specim en by w rapping  s p r in g s  around th e  specim en a t  b o th
k n i f e  edges and a t t a c h in g  them to  th e  ex ten d ed  screw  h e a d s . T h is  s p r in g
fo r c e  p u l l s  th e  k n i f e  edges in to  th e  specim en and h o ld s  them th e r e  by
f r i c t i o n .  A v o l ta g e  s i g n a l  p r o p o r t io n a l  to  th e  d isp la c e m e n t o f  th e  
k n i f e  edges i s  o b ta in e d  from  th e  s t r a i n  gages mounted on th e  bend ing  
beam. S in ce  th e  r a t i o  o f  th e  moments o f  i n e r t i a  betw een th e  k n if e  edge 
le g s  and th e  b en d in g  beam i s  so g r e a t ,  m ost o f  th e  d isp la c e m e n t i s  
o b ta in e d  from  th e  c u rv a tu re  o f  th e  ben d in g  beam. The s t r a i n  gages 
m ounted on th e  b en d in g  beam w ere a rra n g e d  in  a  f u l l  b r id g e  p a t t e r n ;  
how ever, p roblem s w ith  th e  gage i n s t a l l a t i o n  r e s u l t e d  in  o n ly  a  h a l f ­
b r id g e  b e in g  co m p le ted . A f te r  p u t t i n g  th e  gage s ig n a l  th ro u g h  a  s t r a i n  
i n d i c a to r  and a m p l i f i e r ,  a  c a l i b r a t i o n  c o n s ta n t  o f  3240 p i n / i n / v o l t  and 
2960 p i n / i n / v o l t  w ere o b ta in e d  f o r  th e  tw o-gage i n s t a l l a t i o n  on th e  
beam. In  o rd e r  to  m eet th e  d e s ig n  c r i t e r i o n  r e q u i r in g  o p e r a t io n  a t  
500°F , a l l  m e ch a n ic a l com ponents o f  th e  e x te n so m e te r  w ere made o f  316 
s t a i n l e s s  s t e e l .  The s t r a i n  gages and a s s o c ia te d  euq ipm ent chosen  to  
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Figure 3.4. Extensometer Assembly
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3 .3  G rip s
The m ain o b je c t iv e  o f  th e  g r ip s  i s  to  m e c h a n ic a l ly  h o ld  th e  
specim en d u rin g  a l l  lo a d in g  c o n d i t io n s .  T h is  m ust be  acco m plished  
w ith o u t in d u c in g  any e x t e r n a l  f o r c e s  o r  moments in  th e  specim en e i t h e r  
d u rin g  specim en i n s t a l l a t i o n  o r  specim en lo a d in g .  They m ust a ls o  o p e ra te  
a t  500°F , i n t e r f a c e  w ith  th e  e x i s t i n g  MTS lo a d  c e l l  and ram , and f a c i l i t a t e  
specim en i n s t a l l a t i o n  and rem o v a l.
The g r ip s  w hich  w ere d e s ig n e d  to  m eet th e  c o n s t r a i n t s  l i s t e d  
above a re  shown in  an assem bly  draw ing  in  F ig u re  3 .5 .  They c o n s i s t  
b a s i c a l l y  o f  two m ain p a r t s ;  an L -shaped  b r a c k e t  and a b o l t - o n  b r a c k e t .
The g r ip s  a t t a c h  to  th e  MTS m achine th ro u g h  th e  1 " -1 4  UNS th re a d s  on th e  
L -shaped  b r a c k e ts  and a re  to rq u e d  to  150 f t . l b s .  The n o tc h e d  specim en 
i s  g r ip p e d  by th e  f r i c t i o n  o f  b e in g  sandw iched  betw een  th e  b o l t  on 
b ra c k e t  and th e  L -shaped  b r a c k e t  by t ig h te n in g  th e  fo u r  V  s o c k e t head  
cap sc re w s . Four b o l t s  w ere chosen  to  in s u r e  t h a t  a  u n ifo rm  p r e s s u r e  
i s  p la c e d  o v e r th e  e n t i r e  g r ip p in g  s u r f a c e .
Two 3 /8 "  s o c k e t  head  cap screw s w ere u sed  to  a t t a c h  th e  b o l t - o n  
b ra c k e t  to  th e  L -shaped  b r a c k e t .  These b o l t s ,  w h ich  w ere p la c e d  p a r a l l e l  
to  th e  lo a d in g  a x i s ,  p re v e n te d  b en d in g  in  th e  specim en by lo a d in g  i t  i n  
dou b le  r a th e r  th a n  s in g le  s h e a r .
An im p o r ta n t f e a tu r e  o f  th e  g r ip s  was t h a t  th e  specim en  co u ld  
e a s i l y  be removed from  j u s t  one s id e  by u n b o l t in g  th e  s i x  s o c k e t  head  
cap screw s on b o th  th e  u p p e r and lo w er g r i p .  T h is  p e rm it te d  specim en 
i n s t a l l a t i o n  w ith o u t h av in g  to  move th e  ISG. A lso , s in c e  th e  specim en  
co u ld  be i n s t a l l e d  w ith o u t ch an g in g  th e  ram o r  c ro s sh e a d  p o s i t i o n ,  
re a lig n m e n t o f  th e  ISG f r in g e  p a t t e r n s  was e x t r a o r d i n a r i l y  e a sy  even 
w ith  th e  f r o n t  h a l f  o f  th e  th e rm a l cham ber in  p o s i t i o n .
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SCALE: HALF
F ig u re  3 .5 .  G rip s  Assem bly
A nother f e a tu r e  was t h a t  a l l  o f  th e  b o l t s  w ere c o u n te rsu n k  in  th e  
g r ip s  p e r m it t in g  th e  th e rm a l chamber to  f i t  sn u g ly  around  th e  g r ip  
c irc u m fe re n c e . In  o rd e r  t h a t  th e  same g r ip s  cou ld  be u sed  f o r  b o th  th e  
sm ooth and n o tch ed  sp ec im en s, an a d a p to r  p l a t e  was f a b r i c a t e d  a s  shown 
in  F ig u re  3 .6 .  T h is  a d a p to r  p l a t e  h e l d  a smooth specim en c e n te re d  in  
th e  g r ip s  as th ey  w ere t ig h te n e d .  A h e a t  t r e a t e d  4140 a l lo y  s t e e l  was 
chosen  f o r  th e  g r ip s  b e ca u se  i t  had good f a t ig u e  s t r e n g th  p r o p e r t i e s  f o r  
th e  t e s t i n g  te m p e ra tu re  ra n g e . The g r i p s ,  a l s o ,  d id  n o t  i n t e r f e r e  w ith  
th e  r e f l e c t e d  f r in g e  p a t t e r n s  u sed  f o r  th e  ISG.
3 .4  H e a te r  and T em pera tu re  C o n tr o l le r
In  o rd e r  to  m eet th e  e le v a te d  te m p e ra tu re  t e s t i n g  n e e d s , a h ig h  
te m p e ra tu re  fu rn a c e  was d e s ig n e d  and f a b r i c a t e d .  The b a s ic  re q u ire m e n ts  
o f  th e  fu rn a c e  was to  h e a t  and m a in ta in  th e  specim en a t  a  maximum 
te m p e ra tu re  o f  500°F , w ith  th e  i n i t i a l  h e a t in g  p e r io d  n o t to  ex ceed  one 
h o u r . The fu rn a c e  a ls o  had to  a llo w  a p a th  f o r  th e  i n c id e n t  l a s e r  beam 
to  re a c h  th e  specim en and th e  r e s u l t i n g  f r in g e  p a t t e r n s  to  e x i t  th e  
f u r n a c e ,  w h ile  b e in g  a s  com pact a s  p o s s ib le .
An assem bly  draw ing  o f  th e  fu rn a c e  d e sig n ed  i s  shown i n  F ig u re  3 .7 .  
The h e a t  in p u t  r e q u ir e d  to  b r in g  th e  specim en to  te m p e ra tu re  i s  s u p p lie d  
by fo u r  r e s i s t i v e  h e a t in g  e le m e n ts ,  each  o f  220 w a tt  power a t  57*$ v o l t s .  
C a lc u la t io n s  re v e a le d  th a t  due to  th e  m ass o f  th e  sy s te m , th e  h e a te r  
had to  be s iz e d  f o r  th e  i n i t i a l  h e a t in g  re q u ire m e n t, n o t  th e  o p e r a t in g  
re q u ire m e n ts .  A 2 ^ - in c h  th ic k n e s s  o f  i n s u l a t i n g  f i r e b r i c k  w ith  a  th e rm a l 
c o n d u c t iv i ty  o f  0 .8 8  B U T in /s q .f t .  °F  H r. was p la c e d  betw een th e  h e a t in g  
e lem en ts  and th e  o u te r  fram e , w hich m in im ized  th e  h e a t  l o s s  from  th e  
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and rem o v a l. T hree fu se d  q u a r tz  p l a t e s  w ere a t ta c h e d  to  th e  o u te r  case  
and th e  f i r e b r i c k  b eh in d  them removed to  a llo w  th e  in c id e n t  l a s e r  beam 
and th e  r e f l e c t e d  f r in g e  p a t t e r n s  an o p t i c a l  p a th  to  and from  th e  
specim en .
H o le s , 3 3 /4 "  in  d ia m e te r ,  w ere p la c e d  a t  th e  to p  and bo ttom  
o f  th e  fu rn a c e  in  b o th  th e  o u te r  aluminum fram e and f i r e b r i c k  to  f i t  
around  th e  g r ip s  when th e  fu rn a c e  was b u ck led  to g e th e r .  The fu rn a c e  was 
su p p o rte d  a t  th e  bottom  by two la b  ja c k s  p la c e d  on e i t h e r  s id e  o f  th e  
MTS m a c h in e 's  ram . T h is  p e rm it te d  s l i g h t  h e ig h t  a d ju s tm e n ts  o f  th e  
fu rn a c e  to  be made in  o rd e r  to  in s u r e  a c l e a r  o p t i c a l  p a th  f o r  th e  
in c id e n t  and r e f l e c t e d  l a s e r  beam s.
C o n tro l o f  th e  fu rn a c e  te m p e ra tu re  was by a  R esearch  In c . 
m odel 624A te m p e ra tu re  c o n t r o l l e r .  An in p u t  s ig n a l  was s u p p l ie d  to  th e  
te m p e ra tu re  c o n t r o l l e r  by a  ch ro m el-a lu m e l therm ocoup le  a t ta c h e d  to  th e  
specim en and fe d  o u t o f  th e  fu rn a c e  th ro u g h  a h o le  d r i l l e d  in  th e  b ack .
The c o n t r o l l e r  compared t h i s  s i g n a l  to  th e  d e s i r e d  s e t  p o in ts  w ith  th e  
e r r o r  be tw een  th e s e  s ig n a l s  b e in g  s e n t  to  a  p ro p o r t io n a l  power c o n t r o l l e r .  
The power c o n t r o l l e r  v a r ie d  th e  v o l ta g e  a c ro s s  th e  h e a te r s  and th u s  th e  
h e a t  in p u t  to  keep  th e  e r r o r  s ig n a l  a s  sm a ll a s  p o s s ib le .  T y p ic a l ly ,  
th e  specim en te m p e ra tu re  v a r ie d  o n l y + 2 d e g re e s  F a rh r e n h e i t  a f t e r  i t  
re a ch e d  th e  e q u i l ib r iu m  te m p e ra tu re . The maximum tim e r e q u ir e d  to  b r in g  
th e  specim en to  te m p e ra tu re  was a p p ro x im a te ly  one h o u r . In  o rd e r  to  
keep  from  o v e rh e a tin g  th e  lo a d  c e l l  w hich i s  d i r e c t l y  a t ta c h e d  to  th e  
to p  g r i p ,  a b low er was d i r e c t e d  on i t .  T h is  sy stem  was o n ly  u sed  when 
th e  fu rn a c e  was s e t  a t  500°F and p roved  to  be  q u i t e  s a t i s f a c t o r y  by 
a llo w in g  o n ly  a  lo a d  c e l l  te m p e ra tu re  o f  138°F f o r  a  fu rn a c e  te m p e ra tu re  
o f  500°F.
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3 .5  C o m p u te r-T estin g  M achine I n t e r f a c e
The b a s ic  f a t ig u e  t e s t i n g  a p p a ra tu s  c o n s i s t s  o f  two p a r t s ;  a 
te n  m e tr ic - to n  MTS s e r v o c o n tr o l le d  h y d ra u l ic  t e s t i n g  m achine and a 
D ig i t a l  Equipm ent C o rp o ra tio n  MINC m in ico m p u te r. The MTS m achine i s  
c o n s id e re d  th e  h e a r t  o f  th e  system  s in c e  i t  s u p p l ie s  th e  power w hich 
lo a d s  th e  specim en as  commanded by  th e  b r a in  o f  th e  sy s te m , th e  m in i­
com puter. T h is  s e c t io n  d e s c r ib e s  th e  c h a r a c t e r i s t i c s  o f  b o th  th e  
t e s t i n g  m achine and th e  m in ico m p u te r i n d iv id u a l ly  and th e n  d e t a i l s  
th e  hardw are  w hich t i e s  them to g e th e r  in to  one fu n c t io n in g  sy stem .
The re q u ire m e n ts  f o r  t h i s  sy stem  to  th en  f u n c t io n  u n d e r b o th  lo a d  
c o n t r o l  and s t r a i n  c o n t r o l  a r e  c o n s id e re d .
The MTS t e s t i n g  m achine was a  s e rv o h y d ra u l ic  c o n t r o l le d  m achine 
composed o f  a  lo a d  u n i t ,  a  pe rfo rm an ce  package and a c o n t r o l  p ack ag e .
The lo ad  package was a  two colum n, + 22 k ip  fram e c o n ta in in g  a h y d ra u l ic  
ram w ith  a  s ix - in c h  s t r o k e  c a p a b i l i t y  and a  lo a d  c e l l  m atched to  th e  
fram e c a p a c i ty .  A s ix - g a l lo n  p e r  m in u te  pump r a te d  f o r  3000 p s ig  p r e s ­
s u re  and a  s e rv o v a lv e  made up th e  com ponents o f  th e  p e rfo rm an ce  p ack ag e . 
The c o n t r o l  package was made up o f  a  s e r v o c o n t r o l l e r  to  d r iv e  th e  
s e rv o v a lv e ,  a  feed b ack  s e l e c t o r  to  d e te rm in e  th e  c o n t r o l  mode and th e  
n e c e s s a ry  t r a n s d u c e r  c o n d i t io n e r s  to  p ro v id e  e x c i t a t i o n  and s ig n a l  
c o n d i t io n in g  o f  th e  t r a n s d u c e r s .  The w hole c o n t r o l  sy stem  was s e t  
up to  o p e ra te  on  a  +  10 v o l t  s ig n a l  from th e  s ig n a l  c o n d i t io n e r s .  I t  
sh o u ld  be n o te d  t h a t  th e  MTS m achine h a s  a f u n c t io n  g e n e r a to r ,  c o u n te r  
p a n e l and a c o n t r o l  p a n e l w hich  p e rm it te d  i t  to  o p e r a te  c o m p le te ly  on i t s  
own.
The MINC m in ico m p u te r system  c o n s is te d  o f  a  p r o c e s s o r ,  60 K b y te s  
o f  memory, la b o r a to r y  in s tru m e n t m odule i n t e r f a c e s ,  two d u a l- d e n s i ty
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f lo p p y  d is k s  and a  g ra p h ic  CRT d is p la y  w ith  a  s e p a r a te  k ey b o ard . The 
th r e e  la b  m odules in  u se  on th e  MINC were th e  c r y s t a l  c lo c k , d i g i t a l - t o -  
a n a lo g  (D/A) c o n v e r te r  and th e  a n a l o g - t o - d i g i t a l  (A/D) c o n v e r te r .  The 
l a s t  two m odules a re  th e  ones t h a t  w ere th e  i n t e r f a c e  w ith  th e  t e s t i n g  
m achine and send  o r  r e c e iv e  th e  s ig n a l s  commanded by th e  FORTRAN o r  
BASIC program  c u r r e n t ly  b e in g  e x e c u te d  by th e  p ro c e s s o r .  B ecause o f  
t h i s  i t  i s  im p o r ta n t to  n o te  t h a t  th e  d i g i t a l - t o - a n a l o g  s ig n a l  c o u ld  be 
o p e ra te d  f o r  e i t h e r  a  u n ip o la r  o r  b ip o la r  v o l ta g e  ran g e  up to  10 .2 4  v o l t s .  
However, th e  a n a l o g - t o - d i g i t a l  c o n v e r te r  c o u ld  o n ly .b e  o p e ra te d  on a 
b ip o la r  v o l ta g e  ran g e  o f  + 5 .1 2  v o l t s .
In  o rd e r  to  o b ta in  a l l  o f  th e  d a ta  to  e v a lu a te  N e u b e r 's  r u l e ,  
b o th  lo a d - c o n t r o l l e d  t e s t s  o f  n o tc h ed  specim ens and s t r a i n  c o n t r o l le d  
t e s t s  o f  sm ooth specim ens were r e q u i r e d .  The m a rr ia g e  o f  th e  MTS m achine 
and th e  MINC m in ico m p u te r p e rm its  t h i s  to  be  done in  a s t y l e  w hich had 
n o t been a tte m p te d . For th e  lo a d  c o n t r o l  c a se  in  w hich th e  feed b ack  
s e l e c t o r  chosen  was th e  lo a d  c e l l ,  th e  d i g i t a l - t o - a n a l o g  c o n v e r te r  was 
u sed  to  sen d  a  +  10 v o l t  s i g n a l  com puted by th e  m in ico m p u te r to  th e  
"program " c o n n e c tio n  on th e  f r o n t  o f  th e  MTS m ach ine. The MTS c o n t r o l l e r  
th en  a t te n u a te d  t h i s  e x t e r n a l  program m er s ig n a l  to  p ro v id e  th e  dynamic 
component o f  th e  com posite  lo a d  command. The s t a t i c  com ponent f o r  th e  
com posite  lo ad  was m an u ally  d e te rm in e d  by u s in g  th e  s e t - p o i n t  p o te n t io m e te r  
on th e  MTS c o n t r o l l e r .  In  a l l  o f  th e  t e s t s  c o n d u c te d , th e  s e t - p o i n t  was 
a d ju s te d  to  z e ro  mean lo a d .  In  th e  lo a d - c o n t r o l  c a s e ,  th e  m in icom pu ter 
th en  r e a d  in  th e  a c tu a l  lo a d  s ig n a l  i n to  an a n a l o g - t o - d i g i t a l  c o n v e r te r  
a f t e r  th e  m achine had s t a b l i z e d .  However, s in c e  th e  MTS m achine s e n t  
o u t a  + 10 v o l t  s i g n a l  and th e  a n a l o g - t o - d i g i t a l  c o n v e r te r  c o u ld  o n ly  
a c c e p t  a  +  5 v o l t  s i g n a l ,  a  two to  one v o l ta g e  d iv id e r  was p la c e d  betw een
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th e  two a s  an i n t e r f a c e  to  th e  A/D. O th e r D/A s ig n a l s  w ere s e n t  to  th e  
ISG and A/D s ig n a l s  re c e iv e d  b e fo re  th e  n e x t  lo a d  s ig n a l  was s e n t  to  th e  
MTS m ach ine.
For th e  s t r a i n - c o n t r o l l e d  t e s t s  o f  th e  sm ooth sp ec im en s, th e  
feed b ack  s e l e c t o r  was tu rn e d  to  e x t e r n a l .  The e x te n so m e te r  d is c u s s e d  
e a r l i e r  was u sed  in  th e  fee d b ac k  lo o p , how ever, an e x c i t a t i o n  s o u rc e  
needed to  be p ro v id e d  and th e  o u tp u t  s ig n a l  r e q u ire d  some c o n d i t io n in g .
The e x c i t a t i o n  o f  th e  b r id g e  on th e  ex ten so m ete r was p ro v id ed  by a  VE-20A 
s t r a i n  i n d i c a to r  m an u fac tu red  by V ishay  In c . T h is  s t r a i n  i n d i c a to r  
n o t o n ly  p ro v id e d  th e  e x c i t a t i o n  b u t  a ls o  c o n d itio n e d  the o u tp u t s i g n a l ,  
how ever, th e  s ig n a l  was s t i l l  v e ry  s m a l l .  B ecause o f  t h i s ,  th e  a n a lo g  
o u tp u t  from  th e  s t r a i n  i n d i c a t o r  was s e n t  th ro u g h  a  T e k tro n ix  d i f f e r e n t i a l  
a m p l i f i e r  w ith  a  g a in  o f  100 . T h is  a m p l i f i e r  a l s o  had  a h ig h  freq u e n cy  
f i l t e r  w hichw as used  to  f u r t h e r  im prove th e  s ig n a l  fe d  from th e  o u tp u t  
o f  th e  a m p l i f i e r  to  th e  in p u t  o f  th e  MTS e x te r n a l  c o n n e c tio n . The in p u t  
to  th e  MTS m achine from th e  e x te n so m e te r  was to  be a p p ro x im a te ly  
3000 m ic r o s t r a in  p e r  v o l t .  As m en tio n ed , t h i s  was th e  feed b ack  s i g n a l .
The command s ig n a l  a g a in  came from  th e  m in icom pu ter and was co n n ec ted  
to  th e  MTS m achine a t  th e  program  c o n n e c tio n . F o r t h i s  c a s e , th e  MTS 
sp an  c o n t r o l  was s e t  a t  th e  maximum p o s i t i o n  o f  1000 and th e  command 
s i g n a l  from th e  m in icom puter was a d ju s te d  to  send  o u t  a  v o l ta g e  s ig n a l  
on th e  D/A c o n v e r te r  th a tw a s  e q u a l th e  s t r a i n  d e s i r e d  on th e  specim en 
b a se d  on th e  e x te n so m e te r  c a l i b r a t i o n  f a c t o r .  Once th e  m achine h a s  
s t a b l i z e d ,  th e  s ig n a l  from  th e  lo a d  c e l l  was fe d  th ro u g h  th e  v o l ta g e  
d iv id e r  and in to  th e  A/D c o n v e r te r  j u s t  a s  b e f o r e .  The s ig n a l s  w ere 
s e n t  u n t i l  e i t h e r  a l l  o f  th e  d a ta  was o b ta in e d  o r  th e  specim en had 
f r a c tu r e d .
CHAPTER IV
SOFTWARE
As m en tioned  in  th e  p re v io u s  c h a p te r ,  th e  i n t e l l i g e n t  c o n t r o l l e r /  
d a ta  a c q u i s i t i o n  sy stem  was th e  MINC m in ico m p u te r. T h is  c h a p te r  d e s c r ib e s  
th e  com puter p rogram s w hich w ere d ev e lo p ed  to  c o n t r o l  th e  t e s t s  and s to r e  
th e  d a ta  c o l l e c t e d .  The f i r s t  s e c t io n  i s  co n cern ed  w ith  th e  program s 
r e q u ir e d  to  c o n t r o l  th e  t e s t s  o f  th e  n o tc h e d  specim ens and a ls o  compute 
th e  s t r a i n  a s  m easured  by th e  ISG. The second  s e c t io n  d e a ls  w ith  th e  
program s u sed  in  sm ooth specim en t e s t i n g  w h ile  th e  f i n a l  s e c t io n  d e s c r ib e s  
th e  program s w hich w ere u sed  i n  a n a ly z in g  th e  d a ta  g e n e ra te d  by b o th  s e t s  
o f  t e s t s .
4 .1  N otched Specim en Program s
T here w ere  th r e e  program s u sed  i n  ru n n in g  n o tc h e d  sp ec im en s. One 
program  c a l l e d  N0TCH6.F0R was th e  a c tu a l  c o n t r o l l i n g  program  w h ile  th e  
o th e r  two p ro g ram s, JUNK.BAS and VIEW1.BAS, w ere u sed  o n ly  a s  a means to  
o b ta in  in p u t  d a ta  f o r  N0TCH6. Two o th e r  program s w r i t t e n  i n  assem bly  
lan g u ag e  and named AIN and A0UT w ere u sed  i n t e r n a l l y  by N0TCH6 to  exchange 
d a ta  betw een th e  c e n t r a l  p ro c e s s in g  u n i t  and e i t h e r  th e  a n a l o g - t o - d i g i t a l  
c o n v e r te r  o r  th e  d i g i t a l - t o - a n a l o g  c o n v e r te r .  The f u n c t io n  o f  each  
o f  th e s e  program s i s  d is c u s s e d  in  d e t a i l  be low .
There w ere th r e e  m a jo r d u t i e s  o f  th e  N0TCH6.F0R p rog ram . F i r s t ,  
i t  m ust t r a n s m i t  and r e c e iv e  th e  s ig n a l s  r e q u ir e d  to  c o n t r o l  th e  MTS 
m ach in e . Second, d a ta  n e c e s s a ry  to  c o n t r o l  th e  ISG m ust be  exchanged ,
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and co m p u ta tio n s  u s in g  t h i s  d a ta  m ust be made to  d e te rm in e  s t r a i n s .  
F in a l ly ,  th e  a p p r o p r ia te  d a ta  m ust b e  s to r e d  in  a com pact form .
In  o rd e r  to  u n d e rs ta n d  th e  m anner in  w hich N0TCH6 c o n t r o l s  th e  
lo a d  im posed on th e  sp ec im en , a b r i e f  rev iew  o f  th e  MTS c o n t r o l  system  
i s  n e c e s s a ry .  As s t a t e d  i n  th e  p re v io u s  c h a p te r ,  th e  MTS m a c h in e 's  
s e r v o c o n tr o ls  w orked o f f  a  + 10 an a lo g  s ig n a l  and had  two b a s ic  in p u t s ,  
th e  s e t  p o in t  and th e  s p a n . The s e t  p o in t  c o n t r o l  w hich d e te rm in e d  th e  
mean lo ad  on th e  specim en and was a d ju s te d  to  ze ro  lo a d  f o r  a l l  n o tc h ed  
sp ec im en s. The second  c o n t r o l ,  th e  sp a n , a c tu a l ly  r e g u la te d  th e  p o r t io n  
o f  an e x t e r n a l  in p u t  s ig n a l  th a t  was see n  by th e  s ig n a l  c o m p a ra to r . The 
t o t a l  in p u t  to  th e  s ig n a l  co m p ara to r was th e  sum o f  th e  s ig n a l s  from  b o th  
th e  sp an  and th e  s e t  p o in t  c o n t r o l s .  The d i f f e r e n c e  betw een th e  in p u t  
s ig n a l  and th e  feed b ack  s ig n a l  from  th e  lo a d  c e l l  a t  th e  co m p arato r 
d e te rm in ed  th e  s i z e  and d i r e c t i o n  o f  th e  lo a d  w hich was a p p l ie d  to  th e  
specim en by th e  h y d ra u l ic  ram i n  o rd e r  to  b r in g  t h i s  d i f f e r e n c e  to  z e ro . 
However, i f  th e  s ig n a l s  a t  th e  co m p ara to r v a r ie d  more th an  a  p re d e te rm in ed  
am ount, an  i n t e r l o c k  s h u t  o f f  th e  h y d r a u l ic  sy stem .
The N0TCH6. program  c o n t r o l le d  th e  lo a d  on th e  specim en by sen d in g  
a  v a r i a b l e  v o l ta g e  s ig n a l  to  th e  "program " BNC c o n n e c tio n  on th e  f r o n t  
o f  th e  MTS c o n t r o l  p a n e l .  T h is  v a r i a b l e  v o l ta g e  s ig n a l  was in  th e  
form  o f  a  t r i a n g u l a r  wave w ith  p eak s  a t  +  10 v o l t s  and -  10 v o l t s .  By 
a d ju s t in g  th e  sp an  c o n t r o l  to  th e  a p p r o p r ia te  p o in t  any v a r i a b l e  lo a d  
from  zero  pounds to  + 2 0 ,0 0 0  pounds c o u ld  be a p p l ie d  to  th e  spec im en .
For a l l  o f  th e  c a s e s  ru n , th e  t r i a n g u l a r  wave was s to p p e d  a t  s i x ty  
d i s c r e t e  p o in t s  so t h a t  m easurem ents c o u ld  b e  ta k en  w ith  th e  ISG.
D epending on th e  lo a d ,  how ever, th e  s te p  change i n  v o l ta g e  a t  th e  
co m p ara to r co u ld  r e s u l t  i n  a  v a lu e  ex ceed in g  th e  maximum e r r o r  s ig n a l
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a llow ed  by th e  i n t e r l o c k .  S in c e  t h i s  would r e s u l t  in  a  shutdown o f  th e  
m ach ine, th e  o u tp u t s ig n a l  from  th e  MINC's d i t i g a l - t o - a n a l o g  c o n v e r te r  
was m o d if ied  to  in c lu d e  s e v e r a l  in te r m e d ia te  v o l ta g e  s te p s  betw een th e  
m ain s te p s  w here o th e r  m easurem ents a r e  made. These in te rm e d ia te  s te p s  
w ere made in  r a p id  s u c c e s s io n  to  m in im ize  t o t a l  c y c le  tim e , b u t w ere slow  
enough to  a llo w  th e  MTS to  re sp o n d  to  each  o n e . F or th e  lo a d s  u sed  i t  
was found th a t  te n  in te r m e d ia te  s t e p s  p ro v id e d  a  sm ooth lo a d  t r a n s i t i o n .
The a n a l o g - t o - d i g i t a l  c o n v e r te r  on th e  MINC was used to  re c o rd  
th e  s ig n a l  coming from th e  lo a d  c e l l  on th e  MTS m ach ine. T h is s ig n a l  
was p r o p o r t i o n a l  to  th e  o u tp u t  lo a d  s i g n a l ,  b u t v a r ie d  from i t  depend ing  
on th e  p o s i t io n  o f  th e  span  c o n t r o l .  A lso , f o r  lo a d s  in  ex cess  o f  
10 ,0 0 0  poun d s, th e  s ig n a l  w ould b e  g r e a t e r  th a n  th e  + 5 v o l t s  p e rm it te d  
by th e  A/D. To a l l e v i a t e  t h i s  p rob lem , a  tw o -to -o n e  v o l ta g e  d iv id e r  was 
p la c e d  betw een th e  o u tp u t o f  th e  lo a d  c e l l  and th e  in p u t  to  th e  A/D. 
T h e re fo re , th e  lo ad  re c o rd e d  was th e  a c tu a l  lo a d  on th e  specim en .
The second  d u ty  o f  th e  MINC m in icom pu ter was to  c o n tr o l  th e  ISG 
w hich was c o n s id e ra b ly  more d i f f i c u l t  th a n  c o n t r o l l i n g  th e  MTS lo a d .  
However, t h i s  ta s k  had a l r e a d y  been  acco m p lish ed  by Sharpe d u r in g  th e  
developm ent o f  th e  ISG sy s te m . T h is  i n i t i a l  so f tw a re  v e r s io n  was 
w r i t t e n  in  assem bly  lan g u ag e  f o r  a  sm a ll m in icom puter and had a  r e s o lu t io n  
o f  .004 m ic ro n s , a  ran g e  o f  .14  m ic ro n s  and an e r r o r  band o f  + 5 % .
The b a s ic  p r i n c i p l e  o f  t h i s  sm a ll d isp la c e m e n t program  was to  scan  b o th  
th e  u p p e r and lo w er f r i n g e s ,  l o c a t e  a l l  o f  th e  maxima and minima o f  
each  f r in g e  p a t t e r n  and th e n  compare th e  ex trem e lo c a t io n s  o f  su b se q u e n t 
sc a n s  so  t h a t  th e  m ag n itu d e  o f  th e  f r i n g e  s h i f t  c o u ld  be d e te rm in e d .
The f r in g e  sc a n s  w ere  p e rfo rm ed  by u s in g  a  m in ico m p u te r to  in c rem en t 
th e  s e r v o c o n t r o l le d  m ir ro r  th ro u g h  256 p o s i t io n s  w h ile  m easu rin g  th e
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v o l ta g e  from th e  PMT's a t  e ach  m ir ro r  p o s i t i o n .  A s l i d i n g  a v e rag e  was 
p erfo rm ed  on t h i s  raw PMT d a ta  to  e l im in a te  n o is e  b e fo re  a  d i r e c t  
com parison  o f  th e s e  av erag ed  v o l ta g e  v a lu e s  was u sed  to  f in d  th e  ex trem a 
p o in t s .  Sim ply s u b t r a c t i n g  m ir ro r  p o s i t io n s  a t  th e  ex trem a  p o in ts  o f  th e  
PMT s ig n a l  from each  o th e r  a t  two d i f f e r e n t  lo a d s ,  a v e ra g in g  th e s e  v a lu e s  
f o r  b o th  th e  u p p er and lo w er f r in g e s  and d iv id in g  by th e  ex trem a  sp a c in g  
a t  z e ro  lo a d  p ro v id e d  th e  n o rm a liz e d  f r in g e  m o tion  u sed  in  e q u a tio n  3 .3 . 
W ith th e  o th e r  v a lu e s  o f  t h i s  e q u a tio n  b e in g  f ix e d ,  th e  d isp la c e m e n t o r  
s t r a i n  betw een  th e  in d e n ta t io n s  c o u ld  be  d e te rm in ed  f o r  a g iv e n  lo a d  
in c re m e n t. By summing th e s e  d isp la ce m e n t o r  s t r a i n  v a lu e s  f o r  each  
lo a d  in c re m e n t, th e  a b s o lu te  v a lu e  was d e te rm in e d . S e v e ra l  c a l i b r a t i o n  
t e s t s  o f  t h i s  sy stem  w ere made w ith  e x c e l l e n t  r e s u l t s .  The r e s o lu t io n  
and a c c u ra cy  o f  t h i s  system  w ere more th a n  s u f f i c i e n t  f o r  th e  c y c l i c  
m easurem ents to  be ru n , and in  f a c t  w ere u sed  by B o ffe rd in g  in  h i s  
c y c l i c  m easu rem en ts. However, two problem s e x i s t e d  w ith  th e  sy stem :
1 . U n less  th e  s o f tw a re  was in  assem bly  la n g u a g e , c y c l i c  t e s t s  
o f  more th a n  a  few c y c le s  to o k  an e x c e s s iv e ly  lo n g  p e r io d  o f  tim e .
2 . The z e ro  p o in t  d r i f t e d  i n to  te n s io n  d u r in g  th e  t e s t s ,  w hich 
was due to  a l l  c a l c u l a t i o n s  b e in g  made r e l a t i v e  to  th e  l a s t  lo a d  p o in t  
in s te a d  o f  a  t r u e  z e ro  p o in t .
B ecause o f  th e s e  two p ro b lem s, new s o f tw a re  was d ev e lo p ed  w hich 
u sed  a  s l i g h t l y  d i f f e r e n t  s t r a t e g y  in  f in d in g  th e  n o rm a liz e d  f r in g e  
m o tio n . T h is  new s t r a t e g y  in v o lv e d  f i r s t  f in d in g  a  minimum b o rd e re d  
by two v e ry  b r i g h t  f r in g e s  and lo c a te d  i n  a  p o s i t i o n  s t r a d d l in g  
th e  a p e r a tu r e  o f  th e  PMT when th e  s e r v o c o n t r o l le d  m ir ro rs  w ere n e a r  th e  
c e n te r  o f  t h e i r  sweep c a p a b i l i t y .  Once t h i s  i d e a l  minimum was fou n d , 
th e  ISG s e tu p  was a d ju s te d  u s in g  a  program  named JUNK.BAS to  p ro v id e  th e
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b r i g h t e s t  p a t t e r n .  The s p a c in g  betw een th e  minima w ere c a r e f u l ly  
m easured  w ith  th e  a id  o f  th e  VIEW1.BAS program . T h is  minimum s t r a d d l in g  
th e  PMT a p e r tu r e  became th e  chosen  minimum and th e  s o f tw a re  was s e t  up 
to  in d e p e n d e n tly  move th e  s e r v o c o n t r o l le d  m ir r o r  so  t h a t  th e  minimum 
rem ain s  c e n te re d  on th e  PMT s l i t .  T h is  was acco m p lish ed  by r o t a t i n g  
th e  m ir ro r  s l i g h t l y .  The amount o f  f r in g e  s h i f t  betw een lo a d s  was 
m easured by th e  number o f  v o l ta g e  s te p s  t h a t  m ust be s e n t  to  th e  
m ir r o r  to  b r in g  th e  chosen  minimum b ack  to  th e  c e n te r  o f  th e  PMT s l i t .  
T h is  te c h n iq u e , w hich was u sed  on th e  two c h a n n e ls , r e q u ir e d  th a t  th e  
m ir ro r s  f o r  b o th  th e  to p  and b o ttom  c h an n e ls  be d r iv e n  in d e p e n d e n tly , 
c o n se q u e n tly  two D/A c o n v e r te r s  m ust b e  u sed  f o r  m ir ro r  p o s i t io n in g  
in s te a d  o f  o n ly  one on th e  o r i g i n a l  sy s te m . The a d v an tag es  o f  t h i s  new 
te c h n iq u e  f a r  ou tw eighed  t h i s  p e n a l ty  b ecau se  th e  same s t r a i n  r e s o lu t io n  
co u ld  be o b ta in e d  by u s in g  o n ly  betw een 40 to  60 p o in t s  f o r  a  m ir r o r  scan  
in s te a d  o f  th e  256 r e q u ir e d  on th e  o ld  sy s te m . By re d u c in g  th e  in p u t  
d a ta  p e r  lo a d  p o in t ,  b o th  th e  tim e  to  scan  th e  a d d i t i o n a l  p o in ts  was 
sav ed  a s  w e l l  a s  th e  co m p u ta tio n  tim e r e q u i r e d  f o r  in c r e a s e d  d a ta .  A 
second  b e n e f i t  o f  th e  te c h n iq u e  was t h a t  th e  d r i f t  o f  th e  z e ro  p o in t  
was e l im in a te d .  T h is  was th e  r e s u l t  o f  com paring th e  c u r r e n t  m ir ro r  
p o s i t i o n  to  one chosen  a t  z e ro  lo a d  r a t h e r  th a n  j u s t  in c re m e n tin g  th e  
c u r r e n t  s t r a i n  o r  d isp la c e m e n t by th e  amount changed d u r in g  th e  l a s t  
lo a d  in c re m e n t.
The f i n a l  phase  o f  so f tw a re  developm ent f o r  th e  n o tc h e d  specim en  
program  was to  im plem ent a  d a ta  s to ra g e  scheme w hich  w ould be compact 
b u t co u ld  p e rm it e a sy  a c c e s s  to  th e  d a ta  f o r  f u tu r e  t e s t i n g  and a n a l y s i s .  
S in c e  th e  MINC m in ico m p u te r had a  d u a l f lo p p y  d is k  d r iv e  w ith  each  
d is k  c a p a b le  o f  s to r in g  512 K b y te s ,  th e  d is k  was chosen  a s  th e  s to ra g e
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d e v ic e . For th e  n o tc h ed  specim en program , th e  in fo rm a tio n  w hich  r e q u ire d  
s to r a g e  f o r  each  lo a d  c y c le  w as: (1 ) th e  c y c le  num ber, (2 ) th e  lo ad  in
lb s /1 0  f o r  each  lo a d  in c re m e n t, (3 ) th e  rem ote s t r a i n  in  m ic r o s t r a in  f o r  
each  lo a d  in c re m e n t, and (4 ) th e  n o tc h  s t r a i n  in  m ic r o s t r a in  f o r  each  
lo a d  in c re m e n t. In  o rd e r  to  c o n se rv e  sp ace  a l l  o f  th e  d a ta  was c o n v e rted  
to  i n t e g e r  v a lu e s  and s to r e d  in  b in a ry  form  in  a  d i r e c t  a c c e ss  f i l e .
By c o n v e r t in g  to  in t e g e r  v a lu e s  o n ly  one b y te  was r e q u ir e d  f o r  s to ra g e  
in s te a d  o f  th e  two b y te s  u sed  f o r  f l o a t i n g  p o in t  num bers. The d i r e c t  
a c c e ss  f i l e  a l s o  p e rm itte d  th e  d a ta  f o r  any g iv e n  c y c le  to  be  exam ined 
w ith o u t h av in g  to  re a d  th ro u g h  th e  p re c e d in g  c y c l i c  d a ta .  In  f a c t ,  
t h i s  s to r a g e  scheme p e rm it te d  n o t  o n ly  a l l  o f  th e  n o tc h e d  specim en d a ta  
b u t a l s o  th e  sm ooth specim en  d a ta  f o r  each  o f  one th o u san d  c y c le s  to  be 
s to r e d  on a  s in g l e  f lo p p y  d i s k .
As s t a t e d  e a r l i e r  a  program  w r i t t e n  in  FORTRAN and named 
N0TCH6.F0R was d ev e lo p ed  to  in c o r p o r a te  th e  te c h n iq u e s  d e s c r ib e d  above 
i n to  a  c e n t r a l  c o n t r o l l e r  f o r  b o th  th e  MTS m achine and th e  ISG. F ig ­
u re  4 .1  c o n ta in s  a  s im p l i f i e d  f lo w c h a r t  o f  t h i s  program  w h ile  th e  a c tu a l  
program  l i s t i n g  i s  found i n  A ppendix B. The b a s ic s  o f  th e  program  as 
d e f in e d  by th e . f lo w c h a r t  c o n s i s t  o f  i n i t i a l l y  z e ro in g  a l l  v a r i a b le s  and 
o p en in g  th e  r e q u ir e d  d a ta  f i l e .  N ext th e  v a r io u s  in p u t  v a r i a b l e s  a r e  
re a d  i n .  These a re  th e n  u sed  to  compute th e  a p p r o p r ia te  lo a d in g  cu rve  
f o r  th e  MTS m achine and o th e r  c o n s ta n ts .  A f te r  t h i s  i s  co m p le ted , th e  
program  ru n s  i n  a  lo o p  f o r  a  s p e c i f i e d  number o f  c y c le s .  The f i r s t  
c y c le  does n o t in c rem en t th e  lo a d  on th e  specim en  so  t h a t  th e  lo c a t io n
o f  th e  chosen  m inim a can  b e  lo c k ed  i n .  I f  t h i s  o c c u rs  s a t i s f a c t o r i l y ,*
th e n  th e  program  b e g in s  to  in c re m e n t th e  specim en lo a d  on th e  n e x t 
c y c le .  A f te r  each  lo a d  in c re m e n t, th e  m ir r o r s  a re  scan n ed  th ro u g h  a
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Figure 4.1. Flowchart of. N0TCH6
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Figure 4.1. Flowchart of N0TCH6 (continued)
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s p e c i f i e d  number o f  p o s i t io n s  and th e  PMT v o lta g e  i s  re a d  in  f o r  each  
m ir ro r  p o s i t io n .  The lo a d  c e l l  d a ta  i s  a l s o  read  and used  in  com puting 
th e  rem ote  s t r a i n  in  th e  sp ec im en . Once t h i s  i s  c o m p le te , th e  m ir ro r s  
a r e  r e p o s i t io n e d  f o r  th e  n e x t  sweep and th e  lo ad  in c rem en ted  on th e  
spec im en . T h is  i s  done to  p e rm it th e  t r a n s i e n t s  to  d ie  down b e fo re  th e  
n e x t  m easurem ents a r e  m ade. C om putations o f  th e  s t r a i n  a t  th e  n o tc h  a re  
th en  made by a v e ra g in g  th e  PMT d a ta ,  f in d in g  th e  m ir ro r  v o l ta g e  a t  th e  
p o in t  o f  minimum a v e rag ed  PMT v o l t a g e ,  and com paring i t  to  th e  one found 
on th e  f i r s t  c y c le .  T h is p ro c e d u re  i s  r e p e a te d  u n t i l  th e  specim en lo a d  
has e x p e r ie n c e d  a  c o m p le te ly  r e v e rs e d  lo a d  c y c le ,  th e n  th e  d a ta  from a l l  
o f  th e s e  lo a d  in c re m e n ts  a r e  s to r e d  on th e  f lo p p y  d is k .  T h is  i s  re p e a te d  
u n t i l  th e  s p e c i f i e d  number o f  c y c le s  h as  been  com pleted  a t  w hich tim e 
th e  d a ta  f i l e  i s  c lo se d  and th e  t e s t  te rm in a te d .
To a id  th e  o p e r a to r  in  fo llo w in g  th e  p ro g re s s  o f  th e  t e s t ,  s e v e r a l  
o u tp u ts  a r e  p ro v id e d  f o r  in  th e  program . One in d ic a t io n  o f  th e  s t a t u s  
o f  th e  t e s t  i s  a  p lo t  o f  lo a d  v e rs u s  n o tc h  s t r a i n .  T h is i s  o b ta in e d  by 
sen d in g  o u t  b o th  lo a d  s ig n a l s  and ISG s t r a i n  s ig n a l s  a t  each  lo a d  
in c re m en t from th e  m in ico m p u te r. They a r e  fe d  in to  an o s c i l lo s c o p e  s e t  
up a s  an X-Y p l o t t e r .  A seco n d  o u tp u t  medium-4i s  th e  CRT s c re e n  w here th e  
number o f  th e  lo a d  c y c le  in  p ro g re s s  i s  d isp layed*. A lso , on e v e ry  te n th  
lo a d  c y c le ,  a l l  o f  th e  d a ta  tak en  d u rin g  t h a t  c y c le  i s  d is p la y e d  on th e  
s c r e e n .  These two o u tp u t  fo rm a ts  from  th e  m in icom pu ter e n a b le  th e  t e s t  
to  be c a r e f u l ly  m o n ito re d . One a d d i t io n a l  a id  i s  t h a t  p a r a l l e l  s ig n a l s  
from  th e  two PMT's a r e  fe d  i n t o  a  d u a l t r a c e  o s c i l lo s c o p e .  They p e rm it 
th e  o p e r a to r  to  s e e  t h a t  th e  chosen  minimum rem ains c e n te re d  on th e  PMT 
a p e r tu r e .
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Two r o u t in e s  w ere u sed  by th e  m ain program  o f  N0TCH6 to  in p u t  and 
o u tp u t  s ig n a l s  to  v a r io u s  d e v ic e s .  These r o u t in e s  w ere named AIN and 
A0UT and a re  assem bly  lan g u ag e  program s w hich w ere w r i t t e n  by R ick Haag, 
a n o th e r  g ra d u a te  s tu d e n t .  AIN was used to  r e c e iv e  d a ta  c o n n ec ted  to  
th e  in p u t  c h an n e ls  o f  th e  a n a l o g - t o - d i g i t a l  c o n v e r te r .  A0UT p ro v id e d  a 
method o f  s en d in g  a n a lo g  s ig n a l s  o u t from th e  fo u r  c h a n n e ls  o f  th e  
d i g i t a l - t o - a n a l o g  c o n v e r te r .
The program s JUNK and VIEW1 w ere w r i t t e n  in  BASIC and used  to  
p ro v id e  in p u t  d a ta  to  N0TCH6. JUNK sen d s  o u t r a p id ly  v a ry in g  v o l ta g e  
s ig n a l s  to  b o th  s e r v o c o n t r o l le d  m ir r o r s  r e s u l t i n g  in  th e  f r in g e  p a t t e r n  
b e in g  c o n tin u o u s ly  sw ept a c r o s s  th e  PMT's a t  th e  r a t e  o f  10 H e r tz .  T h is
e n a b le s  th e  f r in g e  p a t t e r n  to  be a d ju s te d  u n t i l  i t  i s  b r ig h t  and p ro p e r ly
s i t u a t e d  on th e  a p e r tu r e  o f  th e  PMT. The second  p rogram , VIEW1, i s  used
to  f in d  th e  minima w hich w i l l  be fo llo w ed  by N0TCH6 a s  w e l l  as  th e
sp a c in g  betw een minima on b o th  c h a n n e ls .  T h is  i s  acco m p lish ed  by 
s lo w ly  sca n n in g  256 p o in ts  and p l o t t i n g  th e  r e s u l t i n g  PMT v o l ta g e s  
v e r s u s  m ir ro r  p o s i t io n  on th e  CRT. A f te r  th e  p l o t  i s  co m ple te  f o r  th e  
f i r s t  c h an n e l a  c u r s o r  a p p e a rs  on th e  s c re e n  and i s  u sed  by th e  o p e ra to r  
to  lo c k  in  th e  p o in t  on th e  g rap h  w hich r e p r e s e n ts  th e  chosen  minimum.
The c u r s o r  a p p ea rs  a g a in  and i s  moved to  th e  l o c a t io n  o f  th e  second  
minimum and th e n  lo c k ed  i n .  T h is p ro c e s s  i s  re p e a te d  f o r  th e  d a ta  on 
th e  second  c h a n n e l. The program  th e n  p r i n t s  o u t th e  m ir r o r  l o c a t io n  f o r  
th e  chosen  minimum and th e  s p a c in g  betw een minima f o r  b o th  c h a n n e ls  
in  a  form  w hich can be d i r e c t l y  in p u t  to  N0TCH6.
The c u r r e n t  v e r s io n  o f  N0TCH6 w hich was u sed  f o r  a l l  t e s t s  
o p e ra te d  a t  a  r a t e  o f  s i x t y  sc a n s  and lo a d  in c re m e n ts  p e r  c y c le  and 
a  scan  le n g th  o f  s i x t y  m ir r o r  p o s i t i o n s .  A r a t e  o f  a p p ro x im a te ly
10 c y c le s  p e r  m in u te  was o b ta in e d  f o r  th e  sp eed  o f  d a ta  in p u t  and 
r e d u c t io n .  B reak in g  t h i s  tim e  down even f u r t h e r  re v e a le d  th a t  i t  to o k  
100 m il l i s e c o n d s  p e r  scan  w i th  th e  r a t i o  o f  m ir ro r  sweep tim e  to  
co m p u ta tio n  tim e b e in g  6 0 /4 0 . U sing in d e n ta t io n s  spaced  100 m icrons 
a p a r t ,  and th e  sp a c in g  betw een  m inim a a d ju s te d  to  a p p ro x im a te ly  
100 m ir ro r  p o s i t io n s  th e  s e n s i t i v i t y  o f  th e  com puter c o n t r o l le d  ISG was 
55 m ic r o s t r a in  o r  a d isp la c e m e n t o f  .0055 m ic ro n s . The s t a b i l i t y  o f  th e  
system  was checked and a f t e r  a  f i f te e n - m in u te  warmup p e r io d  th e  re a d in g  
was w i th in  +  55 m ic r o s t r a in .  S in ce  th e  ran g e  o f  s t r a i n  m easurem ents was 
to  be a p p ro x im a te ly  + 1%, th e  ran g e  o f  t h i s  com puter c o n t r o l le d  sy stem  
was check ed . I n i t i a l l y  i t  was found th a t  w ith  th e  o r i g i n a l  7 x 7 mm 
m ir r o r s ,  a  +  1% s t r a i n  would move th e  chosen  minimum d a n g e ro u s ly  c lo s e  
to  th e  edge o f  th e  m i r r o r .  To a l l e v i a t e  th e  p o s s i b i l i t y  o f  lo s in g  t h i s  
minimum, l a r g e r  m ir r o r s  m easu rin g  7 x 11 mm re p la c e d  th e  s m a l le r  o n e s . 
T h is r e s u l t e d  in  m easurem ents in  e x c e ss  o f  + 1^% b e in g  made w ith  no 
p ro b lem s. These t e s t s  co n c lu d ed  th e  so f tw a re  developm ent f o r  th e  n o tc h ed  
specim en t e s t s .
4 .2  Smooth Specim en Program s
Only a s in g le  program  named SM00TH.F0R was needed  f o r  th e  sm ooth 
specim en t e s t i n g .  The m ain fu n c t io n  o f  t h i s  p rogram , w r i t t e n  in  FORTRAN, 
was to  r e c a l l  th e  s to r e d  ISG d a ta  ta k e n  a t  th e  n o tc h  and send  th e  
a p p ro p r ia te  s ig n a l  to  th e  MTS m achine to  re p ro d u c e  t h i s  s t r a i n  in  th e  
sm ooth spec im en . Once t h i s  had been  done th e  MTS lo a d  c e l l  r e a d in g  was 
in p u t  and s to r e d .  The d e t a i l s  o f  th e s e  o p e ra t io n s  a r e  d is c u s s e d  below .
A copy o f  th e  program  SM00TH.F0R i s  in c lu d e d  in  Appendix C and a 
f lo w c h a r t  p re s e n te d  in  F ig u re  4 .2 .  The f lo w c h a r t  shows t h a t  f i r s t ,  a l l
Read v a r i a b l e s  on CRT
Read ISG s t r a i n  from  f i l e  
f o r  one c y c l e
P au se
N ex t p o in t ?
S to r e  i n  f i l e
1 )  C y c le  No.
2 )  L oads
P r in t  on CRT
1 )  C y c le  No
2 )  Load
C lo se  f i l e s
End
N ext c y c l e ?
Read lo a d  c e l l  d a ta
C y c le  N o.=  1 ,  1 1 , 21 e t c .
I n i t i a l i z e  d a ta  & op en  f i l e s
Compute MTS s t r a i n  s i g n a l
In cr em e n t s t r a i n  s i g n a l  t o  MTS & sc o p e
Figure 4.2. Flowchart of SMOOTH
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o f  th e  v a r i a b le s  a re  i n i t i a l i z e d  and th en  two f i l e s  a re  opened . The 
f i r s t  f i l e ,  named RESULT.DAT, i s  th e  d a ta  f i l e  in  w hich a l l  o f  th e  
n o tc h ed  specim en d a ta  h as  b een  s to r e d  w h ile  th e  second  f i l e  e n t i t l e d  
SM00TH.DAT i s  th e  one in  w hich  a l l  o f  th e  sm ooth specim en d a ta  w i l l  be 
p la c e d . Next th e  v a lu e s  o f  th e  v a r io u s  p a ra m e te rs  such  as th e  e x ten so m e te r 
c a l i b r a t i o n  f a c t o r  and th e  number o f  c y c le s  to  be ru n  a re  re a d  i n .  W ith 
t h i s  co m p le ted , th e  program  w ent i n to  a lo o p  in  w hich a l l  s i x t y  s to r e d  
n o tc h  s t r a i n s  f o r  a  co m p le te  lo a d  c y c le  w ere re a d  in to  memory from  th e  
d a ta  f i l e  named RESULT. U sing  th e s e  s t r a i n  v a lu e s  and th e  c a l i b r a t i o n  
f a c t o r  f o r  th e  e x te n s o m e te r , th e  v o l ta g e  s ig n a l  needed to  im pose th e  
m easured  s t r a i n  on th e  sm ooth specim en was com puted. One by one th e s e  
s ig n a l s  w ere s e n t  o u t to  th e  MTS m achine an d , a f t e r  a  s m a ll d e la y  to  
e l im in a te  any dynamic e f f e c t s ,  th e  v a lu e  from  th e  lo ad  c e l l  was re a d  in .  
T h is  was re p e a te d  u n t i l  a l l  s i x t y  lo a d  v a lu e s  had been  o b ta in e d , a t  
w hich tim e th e y  w ere re a d  i n t o  th e  d a ta  f i l e  named SM00TH. T h is  e n t i r e  
seq uence  was re p e a te d  u n t i l  th e  number o f  c y c le s  s p e c i f i e d  had  been  
c o m p le ted , th en  b o th  th e  d a ta  f i l e s  w ere c lo s e d  and th e  program  te rm in a te d .
T h is  program  had th e  same o p e ra to r  o u tp u t  f e a tu r e s  found  in  th e  
n o tc h ed  specim en p rogram . They c o n s is te d  o f  an X-Y p lo t  on th e  o s c i l l o ­
scope o f  s t r a i n  v e r s u s  lo a d  and a p r i n t o u t  on th e  CRT o f  a l l  lo a d  and 
s t r a i n  d a ta  e v e ry  te n th  lo a d  c y c le .
The sp eed  c a p a b i l i t i e s  o f  th e  SM00TH program  w ere q u i t e  a  b i t  
f a s t e r  th a n  t h a t  o f  th e  N0TCH6 program  due to  reduced  d a ta  t r a n s f e r  and 
co m p u ta tio n s  r e q u i r e d .  However, to  p re v e n t  p rob lem s from  o c c u r r in g  by 
lo a d in g  th e  specim ens a t  two s u b s t a n t i a l l y  d i f f e r e n t  r a t e s ,  a  pause  
was p la c e d  in  th e  program . T h is  p au se  r e s u l t e d  in  a p p ro x im a te ly  tw en ty  
c y c le s  b e in g  ru n  i n  one m in u te  w hich  i s  o n ly  tw ic e  th e  sp eed  o f  th e
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n o tc h ed  specim en d a ta  a c q u i s i t i o n .  T h e re fo re , i t  i s  f e l t  t h a t  sam p lin g  
r a t e  i s  n o t  a f a c t o r .  T h is co ncluded  th e  so f tw a re  developm ent f o r  th e  
sm ooth specim en t e s t .
4 .3  D ata R ed u c tio n  Program s
Once b o th  th e  n o tc h ed  specim en  d a ta  and sm ooth specim en d a ta  had 
been c o l le c te d  and s to r e d  on a f lo p p y  d i s k ,  s e v e r a l  d i f f e r e n t  a n a ly s e s  
w ere made. Four program s w ere  w r i t t e n  in  BASIC to  pe rfo rm  th e  re q u ire d  
d a ta  re d u c t io n  and were named ANAL1, ANAL2, .ANAL3 and ANAL4. These 
program s a re  d e s c r ib e d  in  d e t a i l  below ; b u t  f o r  them to  make a l l  o f  th e  
n e c e s s a ry  c o m p u ta tio n s , l a r g e  am ounts o f  d a ta  c o n ce rn in g  th e  p r o p e r t i e s  
o f  th e  specim ens was r e q u i r e d .  To p ro v id e  t h i s  d a ta  in  a  c o n v en ie n t 
f a s h io n ,  an a d d i t i o n a l  program  e n t i t l e d  STORE was w r i t t e n .  The fu n c t io n  
o f  t h i s  program  was to  prom pt th e  o p e r a to r  to  in p u t  v a r io u s  in fo rm a tio n  
ab o u t th e  specim en used  in  g e n e r a t in g  th e  d a ta  s to r e d  on a  p a r t i c u l a r  
d is k .  Such th in g s  a s  n o tc h e d  and sm ooth specim en num bers, number o f  
good d a ta  c y c le s  s to r e d ,  and o th e r  p h y s ic a l  p r o p e r t i e s  l i k e  specim en 
c ro s s  s e c t io n a l  a r e a ,  w ere r e q u e s te d .  A f te r  o b ta in in g  a l l  o f  t h i s  d a ta ,  
th e  program  opened a  s e q u e n t ia l  d a ta  f i l e  named TEST.DAT on th e  d a ta  
s to r a g e  d is k ,  p la c e d  th e  d a ta  i n to  t h i s  f i l e  and th e n  c lo se d  i t .  
T h e re fo re , t h i s  f i l e  p ro v id e d  a  so u rc e  o f  b a s ic  specim en in fo rm a tio n  
f o r  any a n a ly s i s  program .
T here w ere fo u r  d i f f e r e n t  ways in  w hich th e  d a ta  g e n e ra te d  was 
to  be  e v a lu a te d .  The f i r s t  was to  view  th e  n o tc h  s t r a i n ,  a s  m easured 
by th e  ISG on th e  n o tc h ed  sp ec im en , p lo t t e d  v e rs u s  th e  rem ote  s t r e s s  
f o r  any c y c le .  T h is  fu n c t io n  was p e rfo rm ed  by th e  program  named ANAL4, 
w hich  e i t h e r  p l o t t e d  th e  n o tc h  s t r a i n  and rem ote s t r e s s  on th e  CRT o r
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p r in te d  o u t th e  v a lu e s  f o r  any c y c le  ch o sen . A seco n d , v e ry  s im i l a r  
t a s k  was c a r r i e d  o u t by th e  ANAL1 program . The o u tp u t  fo rm at was th e  
sam e, th e  o n ly  d i f f e r e n c e  b e in g  th a t  th e  n o tc h  s t r e s s  o b ta in e d  from  th e  
sm ooth specim en t e s t  was p l o t t e d  v e rs u s  th e  n o tc h  s t r a i n .  ANAL2 was 
u sed  to  compute th e  s t r e s s  c o n c e n tr a t io n  f a c t o r ,  s t r a i n  c o n c e n tra t io n  
f a c to r  and th e  g e o m e tr ic  mean o f  th e s e  two f a c to r s  f o r  s e le c te d  c y c le s  
o f  th e  t e s t .  To acco m p lish  t h i s ,  d a ta  from b o th  th e  n o tc h ed  and smooth 
specim ens was a n a ly z e d . The o u tp u t from t h i s  program  c o n s is te d  o f 
e i t h e r  a  s e m i- lo g  p lo t  on th e  CRT o f  th e  a p p ro p r ia te  c o n c e n tr a t io n  
f a c t o r  v e r s u s  c y c le s  o r  a  p r in t o u t  o f  c y c le  num bers and c o n c e n tr a t io n  
v a lu e s .  The f o u r th  program  computed th e  same th r e e  c o n c e n tr a t io n  f a c t o r s ,  
b u t o n ly  f o r  th e  i n i t i a l  t e n s i l e  lo a d in g  p o in ts  on th e  f i r s t  c y c le .
These c o n c e n tr a t io n  f a c t o r s  w ere th en  p lo t t e d  v e rs u s  n o tc h  s t r a i n  by 
th e  ANAL3 p rogram . These fo u r  p rogram s p ro v id e d  n e a r ly  a l l  o f  th e  d a ta  
r e d u c t io n  r e q u i r e d .
A ll  fo u r  o f  th e  p rogram s d e s c r ib e d  above a r e  l i s t e d  in  Appendix D. 
Due to  th e  many s i m i l a r i t i e s  betw een th e  p rog ram s, o n ly  a  g e n e ra l  
d e s c r ip t i o n  o f  th e  program m ing p h ilo so p h y  w i l l  be  p re s e n te d  h e r e .  The 
f i r s t  s t e p  in  each  o f  th e  program s was to  open th e  th r e e  d a ta  f i l e s  named 
TEST, RESULT and SMOOTH s to r e d  on each  d a ta  d i s k .  N ex t, v a r io u s  p h y s ic a l  
p ro p e r ty  in fo rm a tio n  on th e  specim ens was in p u t  from  th e  TEST d a ta  f i l e .  
The c y c le s  a t  w hich th e  v a r io u s  co m p u ta tio n s  w ere to  b e  made w ere th en  
in p u t  from  e i t h e r  a  s p e c i f i e d  a r r a y  o r  o p e r a to r  in p u t .  For each  
s p e c i f i e d  c y c le ,  th e  a p p r o p r ia te  lo a d  o r  s t r a i n  d a ta  was r e t r i e v e d  from 
th e  d a ta  f i l e s .  F in a l l y ,  a f t e r  a l l  o f  th e  v a lu e s  have  been  a ssem b led , 
th e  r e q u ir e d  co m p u ta tio n s  w ere  made. The o p e r a to r  was th e n  g iv e n  th e  
c h o ic e  o f  p l o t t i n g  th e  d a ta  on th e  CRT o r  u s in g  th e  p r i n t e r  to  o u tp u t
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a l l  o f  th e  v a lu e s  in  t a b u la r  form . Once t h i s  was c o m p le te , th e  f i l e s  
w ere c lo se d  and th e  program  te rm in a te d .
CHAPTER V
EXPERIMENTAL PROCEDURES
In  th e  p re v io u s  c h a p te r s ,  d e t a i l s  o f  th e  specim ens to  be u sed  
have been g iv e n , a s  w e l l  a s ,  th e  a s s o c ia te d  hardw are and so f tw a re  used  in  
t e s t i n g  th e  sp ec im en s. T h is  c h a p te r  e x p la in s  th e  p ro c e d u re s  w hich  w ere 
used  d u rin g  th e  a c tu a l  t e s t s .  F i r s t ,  th e  g e n e ra l  a lig n m e n ts  and c a l i ­
b r a t io n  o f  th e  t e s t i n g  m achine a r e  d e s c r ib e d ,  th e n  th e  p ro c e d u re s  used  
in  t e s t i n g  th e  n o tch ed  specim ens and sm ooth specim ens a t  room te m p e ra tu re  
a re  d e t a i l e d .  N ex t, th e  a d ju s tm e n ts  needed  to  ru n  th e  same specim ens a t  
an e le v a te d  te m p e ra tu re  a r e  d is c u s s e d .  F in a l l y ,  an a sse ssm e n t o f  th e  
e x p e r im e n ta l  e r r o r  i s  p r e s e n te d .
B efo re  t e s t i n g  o f  any k in d  was done, th e  MTS t e s t i n g  m achine was 
c a l i b r a t e d  and a l ig n e d .  In  November, 1980, a  s e r v ic e  t e c h n ic ia n  from 
MTS c a l i b r a t e d  th e  lo a d  c e l l  on th e  m achine a g a in s t  a m a s te r  lo a d  c e l l  
w ith  known c a l i b r a t i o n  s ta n d a r d s .  The r e s u l t s  o f  t h i s  c a l i b r a t i o n  re v e a le d  
o n ly  m inor d i f f e r e n c e s  betw een  th e  i n i t i a l  and f i n a l  s e t t i n g s .  N ex t, th e  
lo a d  fram e and g r ip s  w ere checked  f o r  a lig n m e n t, w hich i s  c r i t i c a l  
b ecau se  any o u t o f  p la n e  b en d in g  would cau se  in a c c u r a c ie s  in  th e  ISG 
m easurem ents and p o s s ib le  specim en b u c k lin g . F i r s t  th e  c ro s sh e a d  and 
ram o f  th e  MTS m achine w ere moved to  th e  f i n a l  lo c a t io n  f o r  a l l  t e s t i n g .  
Then th e  g r ip s  w ere lo o s e ly  i n s e r t e d  in to  th e  lo a d  fram e w here th e y  w ere 
s t i l l  f r e e  to  r o t a t e .  A lignm ent was acco m p lish ed  w ith  an e x t r a  n o tc h ed
specim en o f  7475 aluminum in s tru m e n te d  w ith  s t r a i n  gages on b o th  s i d e s .
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The s t r a i n s  from  b o th  gages w ere re c o rd ed  b o th  b e fo re  and a f t e r  i n s t a l ­
l a t i o n  i n to  th e  g r ip s .  D ata  from b o th  gages was a ls o  re c o rd e d  a s  th e  
specim en and g r ip s  w ere r o ta te d  i n  45° in c re m e n ts  th ro u g h  a  com plete  
r o t a t i o n .  An a n a ly s i s  o f  th e  s t r a i n  re a d in g  f o r  th e  v a r io u s  g r ip  
p o s i t io n s  q u ic k ly  p o in te d  o u t  th e  d i r e c t i o n  i n  w hich th e  lo a d  c e l l  
a t ta c h e d  to  th e  c ro s sh e a d  had to  b e  moved to  c e n te r  i t  above th e  ram. 
A f te r  t h i s  a d ju s tm e n t was m ade, th e  a lig n m e n t check  was re p e a te d  to  
in s u r e  i t  had n o t  been  d is tu r b e d  d u r in g  r e t i g h te n in g  o f  th e  a d ju s t in g  
n u t .  W ith th e  MTS m achine c a l i b r a t e d  and a l ig n e d ,  t e s t i n g  was read y  to  
b e g in .
5 .1  N otched Specim en T e s ts
The p r i n c i p a l  m easurem ent made u s in g  th e  n o tc h e d  specim en i s  th e  
s t r a i n  a t  th e  edge o f th e  n o tc h .  T h e re fo re , b e fo re  any t e s t i n g  was 
c o n d u c te d , th e  ISG was c a l i b r a t e d  a g a in s t  a  s t r a i n  g ag e . T h is  was done 
by u s in g  th e  b la n k  a lig n m e n t specim en w hich a lr e a d y  had s t r a i n  gages 
bonded to  i t .  A s m a ll  a re a  a d ja c e n t  to  th e  s t r a i n  gage was c a r e f u l ly  
p o l is h e d  to  a  m ir r o r  f i n i s h  and two in d e n ta t io n s  w ere p la c e d  100 m icrons 
a p a r t  i n  t h i s  a r e a .  T hese in d e n ta t io n s  w ere c a r e f u l ly  a l ig n e d  to  in s u re  
t h a t  th e y  w ere a lo n g  th e  same a x is  a s  t h a t  o f  th e  s t r a i n  g ag e , s in c e  th ey  
w ere to  form  th e  gage f o r  th e  ISG. A lso , s in c e  th e r e  w ere no n o tc h e s  on 
t h i s  specim en and b o th  th e  s t r a i n  gage and in d e n ta t io n s  w ere lo c a te d  in  
th e  c e n te r  p a r t  o f  th e  s p e c im e n 's  gage le n g th ,  th e  s t r a i n  g ra d ie n t  was 
assum ed to  be u n ifo rm . T h is  specim en was th e n  lo a d e d  in to  th e  g r ip s  and 
th e  ISG sy stem  a d ju s te d  to  a l ig n  th e  f r in g e  p a t t e r n  w ith  th e  p h o to m u lti­
p l i e r  tu b e s .  The MTS m achine was u sed  to  m an u ally  lo a d  th e  specim en 
from  z e ro  lo a d  to  6000 l b .  t e n s io n ,  b a c k  th ro u g h  z e ro  to  6000 l b .
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co m p ressio n  and f i n a l l y  b ack  to  z e r o .  These lo ad  s te p s  w ere ta k en  in  
1000 l b .  in c re m e n ts , and a t  each  in c re m en t b o th  th e  s t r a i n  gage re a d in g  
and th e  ISG re a d in g  w ere re c o rd e d . F ig u re  5 .1  shows a p lo t  o f  s t r a i n  
gage v e rs u s  ISG s t r a i n .  From t h i s  p lo t  i t  i s  o b v io u s  t h a t  th e  ISG s t r a i n  
i s  c o n s i s t e n t ly  lo w er th a n  th e  a c tu a l  s t r a i n .  R epeated  t e s t s  showed 
t h a t  th e  ISG hardw are  and s o f tw a re  w ere b o th  fu n c t io n in g  c o r r e c t l y .
A lso , a  second  a lig n m e n t check  re v e a le d  no m e asu re a b le  m isa lig n m e n t.
As m en tioned  e a r l i e r  in  th e  d e s c r ip t i o n  o f  th e  ISG, r ig id -b o d y  
m otion  th a t  i s  n o t  p a r a l l e l  to  th e  lo a d  a x is  le a d s  to  e r r o r s  in  s t r a i n  
m easurem ent. I f  th e  specim en  moves away from  th e  l a s e r  in  a  d i r e c t i o n  
p a r a l l e l  to  th e  i n c id e n t  beam , th e  r e s u l t i n g  f r in g e  m otion  i s  e q u iv i l e n t  
to  a  n e g a t iv e  s t r a i n .  Each t e s t  specim en was checked in  th e  e l a s t i c  
re g io n  a t  room te m p e ra tu re  p r i o r  to  t e s t i n g ,  and each  showed a  s im i l a r  
low  c a l i b r a t i o n .  I t  was co n c lu d ed  th a t  th e  t e s t  m achine was m is a l ig n e d , 
b u t  c o n s i s t e n t ly  s o .  T h e re fo re , i t  was d e c id e d  t h a t  a l l  s t r a i n s  m easured 
by th e  ISG would be a d ju s te d  upw ards 13% to  acco u n t f o r  th e  low re a d in g s .
W ith th e  ISG c a l i b r a t e d ,  e v e ry th in g  needed  f o r  t e s t i n g  o f  th e  
n o tc h ed  specim ens was re a d y . The f i r s t  s t e p  c o n s is te d  o f  p re p a r in g  th e  
specim ens by p o l i s h in g  a  sm a ll a r e a  a t  th e  edge o f  th e  n o tc h  w here th e  
in d e n ta t io n s  f o r  th e  ISG w ere  p la c e d . The p o l i s h in g  p ro c e d u re  c o n s is te d  
o f  a  l i g h t  sa n d in g  to  knock o f f  th e  h ig h  s p o ts  w ith  400 g r i t  p a p e r and 
f i n i s h i n g  w ith  a  600 g r i t  p a p e r .  The f i n a l  sa n d in g  was done p a r a l l e l  to  
th e  l o n g i tu d in a l  a x is  o f  th e  specim en to  keep  any d i f f u s e  l i g h t  from  
b e in g  r e f l e c t e d  on th e  p h o to m u l t ip l ie r  tu b e s .  A f te r  sa n d in g  th e  a r e a ,  
i t  was b u ffe d  to  a  m ir r o r  f i n i s h  u s in g  a  5 -m icro n  aluminum o x id e  
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C are was ta k e n  n o t  to  round th e  c o rn e rs  a t  th e  edge o f  th e  n o tc h  by o n ly  
b u f f in g  l i g h t l y  In  th o se  a r e a s .  N ex t, th e  p o l is h e d  a re a  was washed down 
w ith  m ethano l to  remove any r e s id u e  from  th e  s u r f a c e .  F in a l ly ,  two 
in d e n t io n s  w ere p la c e d  in  th e  p o l is h e d  a re a  50 m ic ro n s  from  th e  edge o f  
th e  n o tc h  u s in g  a  V ic k e rs  h a rd n e ss  t e s t e r .  The p y ram id a l in d e n ta t io n s  
w ere a p p ro x im a te ly  17 m ic ro n s  on a  s id e  and w ere lo c a te d  a lo n g  th e  a x is  
o f  th e  specim en 100 to  150 m icro n s  a p a r t .
The second  s te p  in  ru n n in g  th e  t e s t s  in v o lv e d  m ounting th e  
specim en in  th e  g r i p s ,  a l ig n in g  th e  ISG system  and th e n  p e rfo rm in g  a 
c a l i b r a t i o n  ch eck . The specim en i n s t a l l a t i o n  was s t r a ig h t f o r w a r d  and so 
was th e  i n i t i a l  ISG a lig n m e n t. A f te r  i n i t i a l l y  f in d in g  th e  f r i n g e s ,  
s e v e r a l  so f tw a re  a id s  w ere a v a i l a b le  to  lo c k  i n  th e  s h a r p e s t  p a t t e r n .
One o f  th e s e  a id s  was th e  program  c a l l e d  JUNK.BAS, w hich s e t s  up th e  
s e r v o c o n tr o l le d  m ir r o r s  to  c o n tin u o u s ly  scan  th e  f r in g e  p a t t e r n  and 
d is p la y  i t  on th e  o s c i l lo s c o p e .  T h is  p e rm its  th e  e f f e c t iv e n e s s  o f  s l i g h t  
a d ju s tm e n ts  to  be  se e n  q u a n t i t a t i v e l y  on th e  o s c i l lo s c o p e .  Once th e  
b e s t  f r in g e  p a t t e r n  h as  been  c h o se n , a  second  program  named VIEW1.BAS i s  
u sed  to  f in d  and p la c e  th e  minimum th a t  would be  fo llo w ed  in  th e  c e n te r  
o f  th e  m i r r o r .  T h is  i s  u s e f u l  b e c a u se  i t  p ro v id e s  in fo rm a tio n  needed  by 
th e  a c tu a l  t e s t  program  and a l s o  b e c a u se  i t  c e n te r s  th e  p a t t e r n ,  th u s ,  
p re v e n tin g  i t  from  moving o f f  one edge o f  th e  m ir r o r  d u r in g  t e s t i n g .
Once e v e ry th in g  h a s  been  c a r e f u l ly  a d ju s te d ,  a  c a l i b r a t i o n  t e s t  was ru n  
m a n u a lly . T h is  t e s t  in v o lv e d  lo a d in g  th e  specim en to  a p p ro x im a te ly  
20 to  30% o f  i t s  t e s t  lo a d  in  s e v e r a l  in c re m en ts  and re c o rd in g  th e  lo a d , 
rem ote  s t r a i n  and l o c a l  s t r a i n  a t  th e  n o tc h  a t  each  p o in t .  The lo a d  
was a  com plete  c y c le  g o in g  in to  b o th  te n s io n  and co m p ressio n  and was 
chosen  to  be s m a ll so t h a t  th e  m a te r i a l  a t  th e  edge o f  th e  n o tc h  would
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rem ain  in  th e  e l a s t i c  r e g io n . The p u rp o se  o f  th e s e  t e s t s  was to  e x p e r­
im e n ta l ly  m easure  th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  f o r  th e  n o tc h  o f  each  
sp ec im en . T h is  t e s t  a ls o  p e rm it te d  th e  e f f e c t s  o f  th e  n o tc h  m ach in ing  
te c h n iq u e  to  be e v a lu a te d .
The f i n a l  s te p  in  t e s t i n g  a  n o tc h ed  specim en i s  th e  a c tu a l  t e s t  
and d a ta  c o l l e c t i o n .  A f te r  th e  t e s t  lo a d  had been  d e c id e d  upon, th e  
sp an  c o n t r o l  on th e  MTS m achine was s e t  to  l i m i t  th e  maximum specim en 
lo a d  w hich was cy c led  betw een te n s io n  and com pression  a round  z e ro  lo a d .
The m achine in te r lo c k s  w ere a ls o  s e t  a t  t h i s  tim e  to  in s u r e  t h a t  i f  a 
m a lfu n c tio n  o c c u r re d , th e  specim en and g r ip s  would n o t be damaged. The 
f lo p p y  d is k  to  be u sed  f o r  d a ta  c o l l e c t i o n  was a ls o  i n i t i a l i z e d  a t  t h i s  
tim e  w ith  d a ta  p e r ta in in g  to  th e  specim en to  b e  t e s t e d .  T h is  d a ta  was 
th e  specim en  num ber, in d e n ta t io n  s p a c in g , n o tc h  geom etry  and t e s t  
te m p e ra tu re  and was coded i n  th e  volum e ID in  th e  fo llo w in g  form :
Volume ID = A, B, C, D
w here , A = specim en num ber,
B = in d e n ta t io n  s p a c in g ,
C = n o tc h  geom etry ; H = h o le ,  E = e l l i p s e ,  S = s l o t ,
D = t e s t  te m p e ra tu re ;  R = room te m p ., E = e le v a te d  tem p.
The o n ly  rem a in in g  s t e p  was to  ru n  th e  t e s t  program  c a l l e d  
N0TCH6.F0R. T h is  program  prom pts th e  o p e r a to r  f o r  a l l  in fo rm a t io n  needed  
and th e n  b e g in s  e x e c u tio n . For a l l  o f  th e  n o tc h ed  t e s t s  c o n d u c te d , 
s i x t y  lo a d  in c re m en ts  w ere made f o r  e ach  lo a d  c y c le  w ith  d a ta  b e in g  
re c o rd e d  a t  each  in c re m e n t. These t e s t s  w ere co n d u cted  f o r  a  maximum o f 
one th o u san d  c y c le s  o r  u n t i l  th e  l o a d - s t r a i n  c u rv e  showed a  c ra c k  had 
been  i n i t i a t e d ,  a t  w hich tim e  th e  d a ta  f i l e s  w ere c lo s e d  and th e  t e s t  
s to p p e d . The ap p ro x im a te  sp eed  o f  th e  t e s t s  was 10 lo a d  c y c le s  p e r  m in u te .
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5 .2  Smooth Specim en T e s ts
S in ce  th e  ISG was n o t  used  f o r  th e  sm ooth specim en t e s t s ,  th e  
p ro c e d u re  was q u i t e  a  b i t  s im p le r .  The e x ten so m e te r d e s c r ib e d  in  
C h ap ter I I I  se rv ed  a s  th e  feed b ack  d e v ic e  f o r  th e  MTS m achine in  th e s e  
t e s t s ,  and th e r e f o r e  i t s  c a l i b r a t i o n  was r e q u ir e d .  T h is  c a l i b r a t i o n  
was v e ry  s im i l a r  to  t h a t  perfo rm ed  f o r  th e  ISG. A sm ooth specim en b la n k  
was m achined from th e  7475 alum inum , and s t r a i n  gages w ere m ounted on 
b o th  s id e s  o f  i t .  The e x ten so m e te r was th en  fa s te n e d  to  t h i s  specim en 
and th e  e n t i r e  assem bly  lo a d ed  in to  th e  MTS m ach ine . A f te r  z e ro in g  
e v e r y th in g , sm a ll in c re m e n ts  o f  lo a d  w ere a p p lie d  and re a d in g s  from  
b o th  th e  s t r a i n  gage and e x te n so m e te r  re c o rd e d . F ig u re  5 .2  shows a  p l o t  
o f  t h i s  d a ta .  From t h i s  d a ta  a  c a l i b r a t i o n  c o n s ta n t  o f  2960 U in / in /v o l t  
was o b ta in e d .
The a c tu a l  t e s t  o f  a  sm ooth specim en c o n s is te d  o n ly  o f  m ounting  
th e  e x ten so m e te r on th e  specim en u s in g  th e  two s p r in g s  and th en  p la c in g  
th e  assem bly  in  th e  g r i p s .  The f lo p p y  d is k  on w hich  th e  l o c a l  n o tc h  
s t r a i n  d a ta  had been  s to r e d  in  th e  e a r l i e r  n o tc h ed  specim en t e s t  was 
p la c e d  in  th e  a p p r o p r ia te  d is k  d r iv e .  To in s u re  t h a t  a l l  com ponents 
w ere o p e ra t in g  c o r r e c t l y ,  th e  sp an  c o n t r o l  on th e  MTS m achine was s e t  a t  
100 and th e  SM00TH.F0R program  was ru n  f o r  a p p ro x im a te ly  30 to  35 c y c le s .  
T h is  a c tu a l ly  lo a d ed  th e  specim en to  10% o f  th e  s t r a i n  m easured  a t  th e  
n o tc h  and th e n  re c o rd e d  th e  lo ad  in p u t  from th e  MTS lo a d  c e l l .  S in ce  
t h i s  s t r a i n  was s t i l l  w e ll  below  any p l a s t i c  s t r a i n ,  th e  c a l i b r a t i o n  
o f  specim en was checked u s in g  H ookes' law . I f  e v e ry th in g  checked o u t 
s a t i s f a c t o r i l y ,  th e  SM00TH.F0R program  was ru n  a f t e r  tu r n in g  th e  span  
c o n t r o l  to  1000. T h is  s u b je c te d  th e  sm ooth specim en  to  th e  f u l l  n o tc h  
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co n tin u e d  u n t i l  e i t h e r  a l l  o f  th e  u s a b le  n o tc h ed  specim en d a ta  h as  been
s e n t  o r  u n t i l  th e  specim en c ra c k e d  o r  f r a c t u r e d .  At t h a t  tim e a l l  d a ta
f i l e s  w ere c lo se d  and th e  t e s t  te rm in a te d .
5 .3  E le v a te d  T em p era tu re  T e s ts
The a fo re m e n tio n ed  p ro c e d u re s  f o r  c o n d u c tin g  b o th  th e  n o tc h ed
specim en t e s t  and th e  sm ooth specim en  t e s t s  r e q u ir e d  o n ly  s l i g h t
m o d if ic a t io n s  f o r  e le v a te d  te m p e ra tu re  t e s t i n g .  B a s ic a l ly  a l l  t h a t  had 
to  be done was to  i n s t a l l  a  therm ocoup le  on th e  specim en s u r f a c e  and 
a t t a c h  i t  to  th e  te m p e ra tu re  c o n t r o l l e r .  The fu rn a c e  was th en  p la c e d  
around  th e  specim en and g r i p s ,  and w ire d  to  th e  power c o n t r o l l e r .
The a tta c h m e n t o f  th e  therm ocoup le  i s  acco m p lish ed  by s t r e t c h i n g  
a s t a i n l e s s  s t e e l  s p r in g  a round  th e  specim en and hook ing  b o th  ends o f  
th e  s p r in g  to g e th e r .  The th e rm ocoup le  i s  th en  s l ip p e d  u n d e r t h i s  s p r in g  
w hich s e rv e s  to  h o ld  i t  i n  c o n ta c t  w ith  th e  specim en  s u r f a c e  d u rin g  
t e s t i n g .  Two d i f f e r e n t  s i z e  s p r in g s  a re  u se d ; one f o r  th e  n o tch ed  
sp ec im en s, and th e  second  f o r  th e  sm ooth sp ec im en s. The ch ro m e l-a lu m e l 
therm ocoup le  was th en  a t ta c h e d  to  th e  te m p e ra tu re  c o n t r o l l e r  u s in g  a  p lu g  
ty p e  c o n n e c te r .
As d e s c r ib e d  i n  C h ap te r I I I ,  th e  h ig h  te m p e ra tu re  fu rn a c e  was 
d e s ig n e d  in  two p ie c e s  to  f a c i l i t a t e  specim en i n s t a l l a t i o n  and rem o v a l. 
P lacem en t o f  th e  h e a te r  a round  th e  specim en and g r ip s  r e q u i r e d  o n ly  t h a t  
th e  f r o n t  h a l f  o f  th e  fu rn a c e  h a v in g  th e  q u a r tz  v iew  p o r t s  be s e t  on th e  
la b  ja c k s  so  t h a t  th e s e  p o r t s  a re  s i t u a t e d  f a c in g  th e  ISG. The b ack  h a l f  
was th e n  p la c e d  on th e  la b  ja c k s  and th e  two h a lv e s  b ro u g h t to g e th e r  
around  th e  g r ip s  and f a s te n e d  u s in g  th e  fo u r  to g g le  c lam p s. A power 
co rd  from  th e  te m p e ra tu re  c o n t r o l  u n i t  was th e n  a t ta c h e d  to  th e  te rm in a l
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s t r i p  lo c a te d  on th e  r e a r  h e a t e r ;  t h i s  com pleted  th e  c o n t r o l  c i r c u i t .
To b r in g  th e  specim en  to  te m p e ra tu re , th e  s e t  p o in t  o f  th e  
te m p e ra tu re  c o n t r o l l e r  was d ia le d  i n  and th e  s t a r t  b u t to n  p u sh ed . For 
th e  aluminum specim ens w hich w ere t e s t e d  a t  300°F , th e  h e a t e r  ta k e s  
a p p ro x im a te ly  30 m in u tes  to  re a c h  th e  s e t p o i n t .  Once th e  s e tp o i n t  i s  
re a c h e d , th e  c o n t r o l l e r  keeps th e  specim en w i th in  +  2°F d u r in g  th e  
e n t i r e  t e s t s .  The 500°F te m p e ra tu re  u sed  in  t e s t i n g  th e  s t e e l  specim ens 
r e q u ir e d  a p p ro x im a te ly  one ho u r to  h e a t  up .
No prob lem s w ere e n c o u n te re d  in  a l ig n in g  th e  ISG th ro u g h  th e  
h e a te r  p o r t s  f o r  th e  e le v a te d  n o tc h ed  specim en  t e s t s .  In  f a c t ,  i t  
r e q u ir e d  no a d d i t i o n a l  e f f o r t  o v e r  t h a t  f o r  a  room te m p e ra tu re  t e s t .
The o n ly  problem  w ith  th e  h ig h  te m p e ra tu re  t e s t s  was t h a t  th e  lo a d  c e l l  
had to  be  k e p t below  250°F to  b e  o p e r a t io n a l .  S in c e  th e  g r ip  was 
d i r e c t l y  a t ta c h e d  to  th e  lo a d  c e l l ,  i t  co n d u cted  h e a t  r i g h t  in to  th e  c e l l .  
T h e re fo re , a l l  o f  th e  500°F t e s t s  r e q u ir e d  th a t  a d d i t i o n a l  c o o lin g  be 
s u p p l ie d  to  th e  lo a d  c e l l .  T h is  was p ro v id e d  by a  sm a ll b low er d i r e c te d  
a t  th e  lo a d  c e l l .  T em pera tu re  i n  th e  lo a d  c e l l  n e v e r  ex ceeded  130°F 
w ith  t h i s  sy s te m . No a d d i t i o n a l  c o o lin g  was r e q u i r e d  f o r  th e  300°F 
t e s t s .  A t th e  co m p le tio n  o f  th e  t e s t s  th e  te m p e ra tu re  c o n t r o l l e r  was 
tu rn e d  o f f  and th e  back  h a l f  o f  th e  h e a te r  removed to  p e rm it a  f a s t e r  
co o l down.
5 .4  E x p e rim en ta l A ccuracy
In  fo llo w in g  th e  t e s t i n g  p ro c e d u re s  d e t a i l e d  in  th e  p re v io u s  
s e c t i o n s ,  e r r o r  was in tro d u c e d  a t  each  m easurem ent. T h is  s e c t io n  quan­
t i f i e s  t h a t  e r r o r  so  t h a t  th e  a c c u ra c y  o f  th e  o v e r a l l  e x p e rim en t co u ld  
b e  e s t im a te d .  Two cau se s  f o r  e r r o r  w ere e v a lu a te d ,  th e  f i r s t  was due to
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th e  acc u ra cy  o f  th e  m easurem ents and th e  second  was concerned  w ith  th e  
f a c t  t h a t  one d im e n s io n a l m easurem ents w ere b e in g  made o f  a  two dim en­
s io n a l  sy stem .
The two m a jo r so u rc e s  o f  e x p e r im e n ta l e r r o r  w ere th e  m easurem ents 
o f  n o tc h  s t r a i n  and n o tc h  s t r e s s .  In  m easu rin g  n o tc h  s t r a i n ,  th e  ISG 
was used  w hich h a s  an a c c u ra c y  o f  + 55 m ic r o s t r a in  f o r  room te m p e ra tu re  
m easu rem en ts. However, a t  500°F th e  accu racy  d e c re a se d  to  + 110 m ic ro ­
s t r a i n .  T h is  r e s u l t e d  in  an  e r r o r  o f  3.67% f o r  s t e e l  specim ens in  w hich 
th e  maximum n o tc h  s t r a i n  was a p p ro x im a te ly  3000 m ic r o s t r a in .  The 
m easurem ent o f  th e  lo a d  needed  in  com puting th e  n o tc h  s t r e s s  was a cc u ­
r a t e  to  +  1 b i t  i n  th e  m in ico m p u te r. T h is  co rre sp o n d ed  to  a  m easurem ent 
o f  + 0 .0 0 5  v o l t s  a t  th e  m in ico m p u te r; how ever, b ecau se  th e  v o l ta g e  
d iv id e r  was u sed  in  t h i s  m easurem ent, th e  m in icom pu ter co u ld  a c tu a l ly  
d e te c t  o n ly  + 0 .0 1 0  v o l t s  from  th e  MTS m ach in e . A m easurem ent o f  
+ 0 .0 1 0  v o l t  on th e  MTS m achine was e q u a l to  + 20 lb s  o r  a s t r e s s  o f  
+ 667 p s i  in  a sm ooth sp ec im en . S in ce  m ost o f  th e  sm ooth specim en s t r e s s  
m easurem ents o f  th e  2024 aluminum w ere a p p ro x im a te ly  40 k s i ,  an  e r r o r  
o f  1.67% was p o s s ib le .  O th e r so u rc e s  o f  e r r o r  such  a s  specim en m is a l ig n ­
ment and o u t o f  p la n e  r i g i d  body m otion  o f  th e  specim en w ere ta k en  in to  
a cc o u n t d u r in g  th e  ISG c a l i b r a t i o n  t e s t .  A f te r  m aking a  sm a ll a llo w an ce  
f o r  th e s e  o th e r  f a c t o r s ,  i t  i s  co ncluded  th a t  th e  a c c u ra c y  o f  th e  
e x p e r im e n ta l  m easurem ents u sed  in  e v a lu a t in g  N e u b e r 's  r u l e  was +  10%.
A second  so u rc e  o f  e r r o r  was due to  th e  f a c t  t h a t  one d im e n s io n a l 
s t r e s s  and s t r a i n  m easurem ents w ere ta k en  n e a r  th e  n o tc h  w here two 
d im e n s io n a l s t r e s s e s  and s t r a i n s  e x i s t .  An a p p ro x im a tio n  o f  t h i s  e r r o r  
was made by com puting th e  two d im e n s io n a l v a lu e s  f o r  a  h o le  in  an 
i n f i n i t e  p l a t e  u s in g  e q u a t io n s  d e r iv e d  from  th e  th e o ry  o f  e l a s t i c i t y .
71
For th e  c i r c u l a r  h o le  geo m etry , an e r r o r  o f  o n ly  1.5% was c a lc u la t e d .  
However, i n  m aking th e  same co m p u ta tio n s  f o r  th e  k ey h o le  s l o t  geo m etry , 
th e  e r r o r  was found to  be 10.8% . These e r r o r  v a lu e s  sh o u ld  be c o n s id e re d  
when e v a lu a t in g  th e  r e s u l t s  in  th e  fo llo w in g  c h a p te r .
CHAPTER VI
RESULTS
A t o t a l  o f  tw en ty -o n e  n o tc h ed  specim ens and tw en ty -o n e  smooth 
specim ens w ere t e s t e d  u s in g  th e  equipm ent and te c h n iq u e s  d e s c r ib e d  in  th e  
e a r l i e r  c h a p te r s .  T h is  c h a p te r  a t te m p ts  to  com press th e  volum inous d a ta  
accu m u la ted  from a l l  o f  th e s e  t e s t s  in to  a  form w hich  would p e rm it 
e a s i e r  e v a lu a t io n  o f  th e  p a ra m e te rs  s tu d ie d  d u r in g  th e  e x p e r im e n ts . T here  
a re  s i x  s e c t io n s  i n  t h i s  c h a p te r  w ith  each  s e c t io n  d e s c r ib in g  a  d i f f e r e n t  
way o f  exam in ing  th e  d a ta .  The f i r s t  s e c t io n  p r e s e n ts  an o v erv iew  o f 
th e  e n t i r e  t e s t i n g  program  and l i s t s  th e  v a r io u s  p a ra m e te rs  s tu d ie d  
d u r in g  th e  program . N ex t, some raw d a ta  o b ta in e d  from  a  n o tc h ed  specim en 
i s  p r e s e n te d .  The t h i r d  s e c t io n  c o n s id e r s  th e  c y c l i c  p r o p e r t i e s  o f  th e  
m a te r i a l s  by a n a ly z in g  th e  sm ooth specim en d a ta  f o r  v a r io u s  c y c le s .  
N e u b e r 's  o r i g i n a l  p rem ise  i s  e v a lu a te d  i n  s e c t io n  f o u r ,  w h ile  a c y c l ic  
form  o f  th e  r e l a t i o n  i s  c o n s id e re d  in  s e c t io n  f i v e .  S e c tio n  s i x  exam ines 
a  second c y c l i c  form o f  N e u b e r 's  r e l a t i o n  in c o r p o r a t in g  th e  f a t ig u e  
p r o p e r t i e s  o f  th e  m a t e r i a l .
6 .1  Specimen Log
Each o f  th e  tw en ty -o n e  n o tc h e d  and sm ooth specim ens t e s t e d  a re  
l i s t e d  in  T ab le  6 .1  a lo n g  w ith  o th e r  p e r t i n e n t  d a ta .  The f i r s t  column 
l i s t s  th e  n o tc h ed  specim en number u sed  in  th e  lo a d  c o n t r o l le d  t e s t s  w h ile  
th e  number o f  th e  sm ooth specim en  used  i n  i n f e r r i n g  th e  s t r e s s -  a t  th e  














































Specim en L i s t
M a te r ia l  N otch Load T em perature  S t r e s s  N otched
Geometry l b s .  °F  C o n c e n tra tio n  Specimen
F a c to r  C ycles
AL 2024 H ole 5500 Room 2 .7 5 1000
AL 2024 H ole 5500 Room 2 .5 8 1000
AL 2024 H ole 5500 300 2 .8 0 1000
AL 2024 H ole 5500 300 2 .7 8 1000
AL 2024 S lo t 4200 Room 3 .9 3 350
AL 2024 S lo t 4200 Room 3 .9 6 600
AL 2024 S lo t 4200 300 3.97 519
CRS 1018 H ole 8100 Room 3 .2 8 400
CRS 1018 H ole 8100 Room 2 .8 1 1000
CRS 1018 Hole 8100 500 3 .2 5 1000
CRS 1018 H ole 8100 500 3 .2 5 1000
CRS 1018 S lo t 5500 Room 4 .8 8 1000
CRS 1018 S lo t 5500 Room 4 .6 5 1000
CRS 1018 S lo t 5500 500 5 .1 8 1000
AL 7475 H ole 6000 Room 3.29 1000
AL 7475 H ole 6000 Room 2 .8 6 1000
AL 7475 H ole 6000 300 2 .8 2 1000
AL 7475 H ole 6000 300 2 .6 8 551
AL 7475 S lo t 2000 Room 3 .9 6 1000
AL 7475 S lo t 4000 Room 3 .9 4 750
AL 7475 S lo t 4000 300 4 .44 580
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o f  a  p a r t i c u l a r  specim en w i th in  th e  o r i g i n a l  m a te r i a l  can be  found u s in g  
th e  la y o u t  draw ings found in  C h ap ter I I .  The t h i r d  column d e n o te s  th e  
m a te r ia l  from w hich  th e  specim en  was m achined and th e  f o u r th  column 
p ro v id e s  th e  n o tc h  geo m etry . The a l t e r n a t i n g  component o f  th e  lo a d  u sed  
in  t e s t i n g  th e  n o tc h ed  specim ens i s  l i s t e d  in  th e  n e x t column and th e  
te m p e ra tu re  a t  w hich b o th  th e  sm ooth and n o tc h ed  specim ens w ere t e s t i n g  
i s  d e f in e d  in  column s i x .  In  colum n s e v e n , th e  s t r e s s  c o n c e n tr a t io n  
f a c t o r  w hich was m easured  e x p e r im e n ta l ly  d u rin g  an i n i t i a l  c a l i b r a t i o n  
t e s t  o f  th e  n o tc h e d  specim en i s  p r e s e n te d .  T h is  c o n c e n tr a t io n  f a c to r  
was computed u s in g  th e  g ro s s  c r o s s - s e c t i o n a l  a re a  o f  th e  specim en and 
in c o rp o ra te d  th e  u se  o f  th e  ISG c a l i b r a t i o n  f a c t o r .  The f i n a l  two 
colum ns l i s t  th e  number o f  c y c le s  f o r  w hich  good d a ta  was re c o rd e d  in  
t e s t i n g  th e  n o tc h e d  and sm ooth sp ec im en s. I t  sh o u ld  be n o te d  th a t  th e  
n o tc h ed  specim en t e s t s  w ere c a r r i e d  o u t f o r  a  maximum o f  1000 c y c le s  o r  
u n t i l  good d a ta  was no lo n g e r  a v a i l a b le  due to  specim en  c ra c k in g . A lso , 
th e  sm ooth specim ens w ere ru n  u n t i l  th e y  e i t h e r  f a i l e d  o r  th e  s to r e d  n o tc h  
s t r a i n  d a ta  became u n u s a b le .
A f te r  v iew in g  th e  in fo r m a t io n  p re s e n te d  in  T ab le  6 .1 ,  two th in g s  
sh o u ld  be a p p a r e n t .  The f i r s t  th in g  i s  t h a t  n e g le c t in g  th e  t e s t s  o f  
th e  s l o t t e d  geom etry  a t  e le v a te d  te m p e ra tu re , e v e ry  t e s t  sav e  one 
was d u p l ic a te d .  T h is  d u p l i c a t io n  was p e rfo rm ed  to  in s u r e  t h a t  th e  
r e s u l t s  o b ta in e d  from  t h i s  te c h n iq u e  w ere r e p e a ta b le ,  and th u s  add 
c r e d i b i l i t y  to  th e  t e s t s .  A second  o b s e r v a t io n  i s  t h a t  even  f o r  c a r e ­
f u l l y  m achined sp ec im en s, th e  m easured  s t r e s s  c o n c e n tr a t io n  f a c to r s  a re  
e x tre m e ly  s c a t t e r e d .  S in ce  t h i s  s c a t t e r  i s  p r im a r i ly  betw een  m a t e r i a l s ,  
i t  p ro b a b ly  i s  th e  r e s u l t  o f  ro u n d in g  o f f  th e  sh a rp  c o rn e rs  n e a r  th e  
n o tc h  d u r in g  th e  p o l i s h in g  s t e p .  A no ther p o s s ib le  c au se  i s  t h a t  th e
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d is ta n c e  o f  th e  in d e n ta t io n s  from th e  n o tc h  v a r i e s  due to  th e  d i f f i c u l t y  
o f  d i s t in g u i s h in g  th e  edge o f  a  n o tc h  a t  h ig h  m a g n if ic a t io n  (4 0 0 x ).
One f a c t  n o t  shown in  t h e  t a b l e  i s  t h a t  c ra c k s  w ere  found n e a r  
th e  n o tc h  a t  th e  te rm in a t io n  o f  th e  e x p e rim en t i n  e ig h te e n  o f  tw en ty -o n e  
t e s t s .  T h is  i n d ic a te s  t h a t  th e  t e s t s  w ere in d e e d  lo w -c y c le  f a t ig u e  t e s t s .  
A lso , i t  sh o u ld  be n o te d  th a t  equipm ent f a i l u r e s  r e s u l t e d  i n  th e  e a r ly  
te rm in a t io n  o f  o n ly  two e x p e r im e n ts . N otched specim en number 709 was 
removed from  th e  t e s t i n g  m achine a f t e r  o n ly  551 c y c le s  b e c a u se  o f  a  
f a i l u r e  in  th e  power su p p ly  f o r  th e  s e r v o c o n t r o l le d  m i r r o r s .  The second  
equ ipm ent f a i l u r e  o c c u rre d  on c y c le  number 35 o f  sm ooth specim en 
number 70 3 ’s t e s t .  On t h i s  c y c le  th e  e x te n so m e te r  s l ip p e d ;  r e s u l t i n g  in  
th e  b u c k lin g  o f  th e  sp ec im en .
*
6 .2  N otch  S t r a in  v s .  Remote S t r e s s
A ll  o f - th e  lo a d s  w ere chosen  so  t h a t  th e  s t r e s s  and s t r a i n  f a r  
removed from  th e  n o tc h  rem ained  p e r f e c t l y  e l a s t i c .  T h e re fo re , a  p lo t  
o f  th e  rem ote  s t r a i n  v e r s u s  th e  rem ote  s t r e s s  would be  a  s t r a i g h t  l i n e  
w ith  a  s lo p e  e q u a l to  th e  e l a s t i c  m odu lus. However, th e  lo a d s  w ere 
a l s o  o f  a  m agn itude  to  r e s u l t  in  p l a s t i c  s t r a i n  n e a r  th e  n o tc h .  In  o rd e r  
to  v iew  t h i s  phenomenon, p l o t s  o f  n o tc h  s t r a i n  v e r s u s  rem o te  s t r e s s  u s in g  
d a ta  ta k e n  from a n o tc h ed  specim en  t e s t  w ere m ade. A t y p i c a l  p l o t  f o r  a 
1018 s t e e l  specim en c o n ta in in g  a  h o le  i s  shown in  F ig u re  6 .1 .  T h is  p l o t  
c o n ta in s  d a ta  ta k en  on th e  f i r s t ,  t e n th  and th o u sa n d th  c y c le .
Only a  s m a ll p l a s t i c  s t r a i n  was o b ta in e d  even  though  th e  s t r e s s  
c o n c e n tr a t io n  f a c t o r  was 2 .8 1  and th e  rem ote  s t r e s s  f o r  th e  specim en was 
e q u a l to  36 .2  k s i .  A p p a re n tly , th e  e l a s t i c  l i m i t  was exceeded  a t  th e  
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th e  gage le n g th  o f  th e  ISG, th u s  r e s u l t i n g  in  o n ly  a  sm a ll p l a s t i c  s t r a i n .  
As s t a t e d  e a r l i e r ,  t h i s  p l o t  i s  t y p i c a l  o f  t h a t  o b ta in e d  f o r  o th e r  
m a te r ia l s  and g e o m e tr ie s .
6 .3  N otch S t r a in  v e r s u s  N otch S t r e s s
S in c e  some p l a s t i c  s t r a i n  was re c o rd e d  a t  th e  n o tc h  by th e  ISG, 
i t  was ex p ec ted  t h a t  d u r in g  th e  s t r a i n  c o n t r o l le d  sm ooth specim en t e s t s ,  
th e  m easured  s t r e s s  would exceed  th e  y i e l d  s t r e s s  o f  th e  m a t e r i a l .  P lo t s  
o f  th e  c o n t r o l l in g  n o tc h  s t r a i n  and th e  m easured  n o tc h  s t r e s s  f o r  th r e e  
sm ooth specim en t e s t s  a r e  shown in  F ig u re  6 .2  th ro u g h  6 .4 .  F ig u re  6 .2  
p r e s e n ts  th e  p lo t s  o f  a  2024 aluminum sm ooth specim en w hich h as  been  
s u b je c te d  to  th e  same s t r a i n s  found n e a r  a h o le  in  a  n o tc h e d  specim en 
t e s t e d  a t  room te m p e ra tu re . D ata  f o r  th e  f i r s t  te n th  and h u n d re d th  
c y c le s  a r e  shown. The o th e r  two f ig u r e s  r e p r e s e n t  s im i l a r  d a ta  f o r  th e  
1018 c o ld  r o l l e d  s t e e l  specim en and th e  7475 aluminum specim en re s p e c ­
t i v e l y .  N ote t h a t  th e  sm ooth specim en d a ta  i n  F ig u re  6 .3  c o rre sp o n d s  
to  th e  n o tc h e d  specim en d a ta  in  F ig u re  6 .1 .
In  v iew in g  th e  d a ta ,  two im p o r ta n t p o in t s  a re  q u ic k ly  n o t ic e d .
The f i r s t  i s  t h a t  th e  lo ad  m easured  a t  th e  peak  s t r a i n  o f  e ach  specim en 
i s  above th e  p r o p o r t io n a l  l i m i t  o f  th e  m a t e r i a l .  T h is  r e s u l t s  in  a 
c y c l i c  s t r e s s - s t r a i n  cu rv e  h av in g  a  r e l a t i v e l y  la r g e  h y s t e r e s i s  lo o p .
The second  p o in t  o b se rv ed  i s  th a t  th e  peak  m easured  lo a d  i s  a f f e c t e d  by 
th e  number o f  c y c le s  to  w hich th e  specim en  f o r  a  g iv en  m a te r i a l  h a s  been  
s u b je c te d .  In  th e  c a se  o f  th e  2024 alum inum , th e  lo a d  v a lu e  in c r e a s e s  
a s  th e  num ber o f  c y c le s  p la c e d  on th e  sm ooth specim en w ere accu m u la ted . 
T h is  phenomenon in d i c a t e s  t h a t  th e  2024 aluminum i s  a c y c l i c  s t r a i n  
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I n d ic a te s  t h a t  i t  i s  a  c y c l i c  s t r a i n  s o f te n in g  m a te r i a l .  The n o tc h  s t r e s s  
v e rs u s  n o tc h  s t r a i n  p l o t s  o f  th e  t h i r d  m a te r i a l ,  7475 alum inum , shows 
l i t t l e  v a r i a t i o n  w ith  c y c le  num ber. T h e re fo re , t h i s  a i r c r a f t  g rad e  
aluminum i s  c o n s id e re d  to  be  a  c y c l i c  s t a b l e  m a te r i a l .
6 .4  N otch S t r a i n  V ersus N e u b e r 's  P a ram e te r
As s t a t e d  in  C h ap te r  I ,  N e u b e r 's  o r i g i n a l  p a p e r  was concerned  
w ith  s t r e s s  and s t r a i n  c o n c e n tr a t io n  f a c to r s  n e a r  a  n o tc h  f o r  a  specim en 
e x p e r ie n c in g  m ono ton ic  lo a d in g . T h is  i s  p r e c i s e ly  w hat was o b ta in e d  
d u r in g  th e  i n i t i a l  p h ase  o f  th e  f i r s t  lo a d in g  c y c le  when th e  lo a d  was 
in c re a s e d  from  z e ro  i n to  t e n s io n .  In  an e f f o r t  to  e v a lu a te  N e u b e r 's  
o r i g i n a l  p re m ise , th e  d a ta  f o r  t h i s  i n i t i a l  lo a d in g  was p l o t t e d  in  
F ig u re s  6 .5  th ro u g h  6 .7 .
F ig u re s  6 .5  shows th e  r e l a t i o n s h i p  betw een th e  s t r e s s  c o n c e n tr a t io n  
f a c to r  and th e  n o tc h  s t r a i n  f o r  2024 aluminum specim ens c o n ta in in g  two d i f ­
f e r e n t  n o tc h  g e o m e tr ie s  and t e s t e d  a t  b o th ' room and e le v a te d  te m p e ra tu re . 
The s t r e s s  c o n c e n tr a t io n  f a c t o r  i s  o b ta in e d  by d iv id in g  th e  s t r e s s  in  th e  
sm ooth specim en a t  any g iv en  lo a d  in c re m en t by th e  rem ote s t r e s s  m easured 
a t  th e  same lo a d  in c re m e n t on th e  n o tc h e d  spec im en . T h is  v a lu e  i s  th en  
n o rm a liz e d  by d iv id in g  by th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  m easured  d u r in g  
th e  c a l i b r a t i o n  check  o f  th e  p a r t i c u l a r  spec im en . The g e n e r a l  t r e n d  
o b se rv ed  from  t h i s  p l o t  i s  t h a t  a t  sm a ll v a lu e s  o f  n o tc h  s t r a i n  w here th e  
e n t i r e  specim en i s  e l a s t i c ,  th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  i s  v e ry  c lo s e  
to  th e  t h e o r e t i c a l  v a lu e .  At v e ry  low  s t r a i n  v a lu e s  th e r e  i s  some d e v i­
a t io n  from  t h i s  t r e n d  due to  th e  e x p e r im e n ta l  e r r o r  d is c u s s e d  in  th e  
p re v io u s  c h a p te r .  H ow ever, a s  th e  m a te r i a l  goes i n t o  th e  p l a s t i c  ran g e  
a t  th e  n o tc h ,  th e  s t r e s s  c o n c e n tr a t io n  d e c r e a s e s .  T h is  i s  e x a c t ly  w hat 
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Figure 6.7. Neuber's Parameter vs. Notch Strain - 1st Quarter Cycle
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The p l o t  shown in  F ig u re  6 .6  i s  v e ry  s i m i l a r  to  th e  p re v io u s  one 
e x c e p t t h a t  th e  s t r a i n  c o n c e n tr a t io n  f a c to r  in s te a d  o f  th e  s t r e s s  con­
c e n t r a t i o n  f a c t o r  i s  p lo t t e d  v e rs u s  th e  n o tc h  s t r a i n .  T h is  s t r a i n  
c o n c e n tr a t io n  f a c t o r  i s  com puted by d iv id in g  th e  m easured  ISG s t r a i n  
a t  th e  n o tc h  by th e  rem ote  s t r a i n  away from th e  n o tc h  and th en  n o rm a liz in g  
th e  v a lu e  by th e  c a l i b r a t i o n  t e s t  s t r e s s  c o n c e n tr a t io n  f a c t o r .  T h is  p lo t  
r e v e a ls  t h a t  th e  s t r a i n  c o n c e n tr a t io n  f a c t o r  does n o t  v a ry  a p p re c ia b ly  
w ith  n o tc h  s t r a i n .  In  f a c t ,  even a s  th e  m a te r i a l  a t  th e  n o tc h  goes in to  
th e  p l a s t i c  re g io n  o n ly  a  v e ry  s l i g h t  in c re a s e  in  th e  s t r a i n  c o n c e n tr a t io n  
f a c t o r  i s  n o t ic e d .
The p l o t  shown in  F ig u re  6 .7  j u s t  com bines th e  two p re v io u s  p lo t s  
i n  th e  m anner su g g e s te d  by N euber. He s t a t e d  t h a t  th e  g e o m etric  mean o f  
th e  s t r e s s  and s t r a i n  c o n c e n tr a t io n  f a c to r s  sh o u ld  e q u a l th e  t h e o r e t i c a l  
s t r e s s  c o n c e n tr a t io n  f a c t o r .  T h is  im p lie s  t h a t  th e  N euber p a ra m e te r , 
w hich  was o b ta in e d  by m u l t ip ly in g  th e  s t r e s s  and s t r a i n  c o n c e n tr a t io n  
f a c to r s  to g e th e r  and d iv id in g  by th e  c a l i b r a t i o n  t e s t  s t r e s s  c o n c e n tr a t io n  
f a c t o r  sq u a re d , sh o u ld  be e s s e n t i a l l y  e q u a l to  one f o r  a l l  v a lu e s  o f  
n o tc h  s t r a i n .  However, s in c e  th e  s t r a i n  c o n c e n tr a t io n  was ap p ro x im a te ly  
e q u a l to  one f o r  a l l  n o tc h  s t r a i n  v a lu e s ,  th e  N euber p a ra m e te r  cu rv e  
c l e a r l y  fo llo w s  th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  c u rv e . T h is  r e s u l t s  in  
some d e v ia t io n  from  N e u b e r 's  p r e d ic te d  re sp o n se  a t  l a r g e r  s t r a i n s .  A lso , 
i t  sh o u ld  be  n o te d  t h a t  th e  d a ta  o b ta in e d  f o r  o th e r  m a te r i a l s  and 
te m p e ra tu re s  p ro v id e d  s i m i l a r  r e s u l t s .
6 .5  C o n c e n tra tio n  F a c to r s  V ersus C ycles
The p re v io u s  s e c t io n  d e a l t  w ith  o n ly  th e  m ono ton ic  lo a d in g  c a s e ,  
w h ile  t h i s  s e c t io n  e x te n d s  th e  same id e a  to  th e  c y c l i c  lo a d in g  c a s e .
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The same th r e e  p a ra m e te rs  d e s c r ib e d  abo v e, th e  s t r e s s  c o n c e n tra t io n  
f a c t o r ,  th e  s t r a i n  c o n c e n tr a t io n  f a c t o r  and N e u b e r 's  p a ra m e te r  a re  
p lo t t e d  v e rs u s  th e  number o f  lo a d in g  c y c le s  th e  specim en h as  undergone. 
However, th e s e  p a ra m e te rs  a re  computed s l i g h t l y  d i f f e r e n t  from th e  
p re v io u s  f a c t o r s .  I n s te a d  o f  u s in g  th e  a b s o lu te  v a lu e  o f  th e  s t r e s s  o r  
s t r a i n ,  th e  ran g e  o f  s t r e s s  o r  s t r a i n  betw een th e  maximum t e n s i l e  lo ad  
and th e  maximum co m p ressiv e  lo a d  i s  u se d . T h is  v a lu e  i s  a g a in  n o rm a liz e d  
by d iv id in g  th e  m easured  s t r e s s  c o n c e n tr a t io n  f a c t o r  in to  i t .  The Neuber 
p a ra m e te r  i s  th en  computed a s  above b u t u s in g  th e  new s t r e s s  and s t r a i n  
c o n c e n tr a t io n  f a c t o r s .
The p l o t s  o f  th e s e  t h r e e  p a ra m e te rs  v e rs u s  c y c le s  f o r  each  o f  
th e  t h r e e  m a te r i a l s  co n cern ed  a re  p re s e n te d  i n  F ig u re s  6 .8  th ro u g h  6 .2 5 . 
The f i r s t  s i x  f ig u r e s  a r e  f o r  th e  2024 aluminum spec im en , th e  n e x t  s i x  
a re  th e  p lo t s  o b ta in e d  f o r  th e  1018 s t e e l  sp ec im en s, w h ile  th e  l a s t  s i x  
p l o t s  c o n ta in  o n ly  d a ta  from th e  7475 aluminum t e s t s .  W ith in  any s e t  
o f  p l o t s  f o r  a  p a r t i c u l a r  m a te r i a l ,  th e  f i r s t . two g rap h s  show th e  s t r e s s  
c o n c e n tr a t io n  v e rs u s  c y c le s ;  th e  n e x t  two p lo t  s t r a i n  c o n c e n tr a t io n  v e r s u s  
c y c le s  and th e  f i n a l  two p r e s e n t  N e u b e r 's  p a ra m e te r  v e r s u s  c y c le s .  Two 
p l o t s  a r e  r e q u ir e d  f o r  e ach  c o n c e n tr a t io n  f a c t o r  b ecau se  d a ta  from a l l  
seven  specim ens a re  p l o t t e d .  A s i n g l e  p lo t  would crowd th e  d a ta  to o  much, 
th e r e f o r e ,  th e  r e s u l t s  f o r  th e  two d i f f e r e n t  n o tc h  g e o m e tr ie s  a re  p lo t t e d  
s e p a r a te ly .
A f te r  re v ie w in g  t h i s  d a ta  th e  fo llo w in g  o b s e r v a t io n s  a re  a p p a r e n t .  
F i r s t ,  n e i t h e r  th e  s t r e s s  o r  s t r a i n  c o n c e n tr a t io n  f a c t o r  show any a p p re ­
c ia b l e  v a r i a t i o n s  d u r in g  th e  e n t i r e  c y c l i c  t e s t s .  S econd, th e  s t r e s s  
c o n c e n tr a t io n  f a c t o r  i s  g e n e r a l ly  below  th e  v a lu e  m easured  d u rin g  th e  
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Figure 6.25. AL 7475 - Slot - Neuber's Parameter vs. Cycles
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s e c t io n  in  w hich th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  d ropped  o f f  c o n s id e ra b ly  
as  th e  m a te r ia l  a t  th e  n o tc h  became n o n l in e a r .  S in ce  th e s e  c y c l i c  v a lu e s  
a re  tak en  a t  th e  p o in ts  o f  maximum lo a d  w here th e  m a te r i a l  in  th e  v i c i n i t y  
o f  th e  n o tc h  h as  gone beyond th e  e l a s t i c  r a n g e , th e  s t r e s s  c o n c e n tra t io n s  
a re  e x p ec te d  to  be below  th e  t h e o r e t i c a l  v a lu e .  T h ird , th e  s t r a i n  con­
c e n t r a t i o n  f a c t o r  rem ain s  n e a r ly  e q u a l  to  one a t  a l l  t im e s . T h is i s  a ls o  
in  agreem ent w ith  th e  f in d in g s  o f  th e  p re v io u s  s e c t io n .  F in a l ly ,  th e  
n o rm a liz e d  N e u b e r 's  p a ra m e te r  i s  below  1 .0  in  a l l  b u t  one c a s e .
6 .6  F a tig u e  N otch F a c to r  V ersus C ycles
The l a s t  s e c t io n  e v a lu a te d  N e u b e r 's  b a s ic  id e a s  when a p p l ie d  to  
c y c l i c  lo a d in g ;  how ever, no a llo w an ce  was made f o r  th e  g e n e r a l ly  known 
f a c t  t h a t  b o th  th e  n o tc h  geom etry  and m a te r i a l  g r e a t ly  a f f e c t  th e  f a t ig u e  
s t r e n g th  o f  a p a r t .  In  t h i s  s e c t io n  a  b r i e f  lo o k  i s  ta k en  a t  w hat happens 
when su ch  th in g s  a re  c o n s id e re d . T h is  i s  acco m p lish ed  by o b ta in in g  a 
f a t ig u e  n o tc h  f a c t o r  from  th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  m easured  d u rin g  
th e  c a l i b r a t i o n  t e s t .  The f a t ig u e  n o tc h  s e n s i t i v i t y  o f  a  m a te r i a l  and 
geom etry  r e l a t e  th e  s t r e s s  c o n c e n tr a t io n  f a c t o r  to  th e  f a t ig u e  n o tc h  
f a c t o r .  P e te rs o n  d e f in e s  t h i s  r e l a t i o n s h i p  in  th e  fo llo w in g  fo rm u la :
Kf  = q(Kt  -  1) + 1 6 .1
w h ere , = f a t i g u e  n o tc h  f a c t o r
Kt  = s t r e s s  c o n c e n tr a t io n  f a c to r  
q = f a t ig u e  n o tc h  s e n s i t i v i t y  
The b e s t  m ethod f o r  a r r i v i n g  a t  a  v a lu e  o f  th e  n o tc h  s e n s i t i v i t y  
i s  by t e s t i n g  b o th  n o tc h ed  and u n no tched  specim ens o f  th e  m a te r i a l  in  
q u e s t io n .  However, t h i s  te c h n iq u e  i s  r e a l l y  n o t  t h a t  p r a c t i c a l ,  so  
o th e r  means o f  ap p ro x im a tin g  n o tc h  s e n s i t i v i t y  have been  d e f in e d . One o f
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th e  more p o p u la r  te c h n iq u e s  i s  g iv en  by P e te rs o n  in  th e  fo rm u la  shown 
below :
q = 1 6 .2
1 +  a / r
w h ere , a  = m a te r i a l  c o n s ta n t  
r  = n o tc h  r a d iu s  
For th e  th r e e  m a te r i a l s  u s e d , a  = 0 .0 2  f o r  b o th  aluminums and 
a = 0 .0092 f o r  th e  1018 s t e e l .  F ig u re  6 .2 6  p l o t s  N euber’s  p a ra m e te r 
v e rs u s  c y c le s  f o r  a 2024 aluminum specim en c o n ta in in g  a  h o le .  However, 
th e  N eu b er’s p a ra m e te r  i s  n o t  n o rm a liz e d  u s in g  th e  s t r e s s  c o n c e n tr a t io n  
f a c t o r ,  in s te a d  a h o r i z o n ta l  l i n e  i s  drawn a c r o s s  th e  g rap h  r e p r e s e n t in g  
th e  s t r e s s  c o n c e n tr a t io n  f a c t o r .  T h is  f a c to r  was th en  u sed  in  equa­
t i o n s  6 .1  and 6 .2  to  com pute a f a t ig u e  n o tc h  f a c to r  w hich i s  a l s o  p lo t t e d  
in  F ig u re  6 .2 6 . The same d a ta  i s  p l o t t e d  f o r  b o th  a  1018 s t e e l  specim en 
and a 7475 aluminum specim en on F ig u re s  6 .27  and 6 .2 9  r e s p e c t iv e ly .
These th r e e  p l o t s  a re  g e n e r a l ly  r e p r e s e n ta t iv e  o f  th e  o th e r  d a ta
o b ta in e d  f o r  a l l  specim ens c o n ta in in g  h o le s  and th e  s t e e l  specim ens con­
t a in in g  t h e  k ey h o le  s l o t  g eo m etry . F ig u re  6 .2 6  shows th a t  N e u b e r 's  
p a ra m e te r  s l i g h t l y  ex ceed s th e  f a t ig u e  n o tc h  f a c t o r  a f t e r  a p p ro x im a te ly  
tw en ty  c y c le s ,  b u t  i t  i s  a lw ays below  th e  s t r e s s  c o n c e n tr a t io n  f a c t o r .
In  th e  o th e r  two p lo t s  N e u b e r 's  p a ra m e te r  i s  alw ays below  th e  f a t ig u e  
n o tc h  f a c t o r .  For th e s e  c a s e s ,  th e  use  o f  th e  f a t ig u e  n o tc h  f a c t o r  in
N eu b er’s  c y c l i c  m ile  g e n e r a l ly  p ro d u ces  b e t t e r  r e s u l t s  th a n  th e  u se  o f
th e  s t r e s s  c o n c e n tr a t io n  f a c t o r .  However, when th e  same a n a ly s i s  i s  
perfo rm ed  on th e  k ey h o le  s l o t  d a ta  f o r  e i t h e r  o f  th e  aluminum m a te r i a l s ,  
th e  r e s u l t s  a r e  q u i te  d i f f e r e n t .  F ig u re  6 .2 9  shows a p l o t  o f  a  2024 a lu ­
minum specim en c o n ta in in g  a  k e y h o le  s l o t ,  w hich i s  t y p i c a l  f o r  a l l  aluminum
MATERIAL: A lum inum  2024
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TEMPERATURE: Room
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Figure 6.26. Neuber's Parameter vs. Fatigue Notch Factor - AL 2024
MATERIAL: S t e e l  1018
GEOMETRY: H ole
TEMPERATURE: Room
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Figure 6.27. Neuber's Parameter vs. Fatigue Notch Factor - Steel 1018
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Figure 6.28. Neuber's Parameter vs. Fatigue Notch Factor - AL-7475
MATERIAL: Aluminum 2024
GEOMETRY: S l o t
TEMPERATURE: Room
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Figure 6.29. Neuber's Parameter vs. Fatigue Notch Factor - AL-2024
specim ens c o n ta in in g  th e  same n o tc h  geom etry . T h is  f ig u r e  r e v e a ls  t h a t  
N euber’s p a ra m e te r  ex ceed s  th e  f a t ig u e  n o tc h  f a c t o r  a t  e v e ry  p o in t  and 
by as  much as  30%, b u t i t  n e v e r  ex ceed s th e  s t r e s s  c o n c e n tr a t io n  f a c t o r .  
T h is  im p lie s  t h a t  th e  u se  o f  th e  f a t ig u e  n o tc h  f a c t o r  in  p la c e  o f  th e  
t h e o r e t i c a l  s t r e s s  c o n c e n t r a t io n  f a c t o r  in  N eu b er’s c y c l i c  r u l e  w i l l  n o t 
alw ays y ie ld  c o n s e rv a t iv e  r e s u l t s ,  e s p e c ia l l y  when sh a rp  n o tc h e s  a re  
c o n s id e re d .
As a  f i n a l  p o in t ,  th e  s ig n i f i c a n c e  o f  e x p e r im e n ta l  e r r o r  i s  
a d d re s s e d . In  th e  p re v io u s  c h a p te r ,  th e  e r r o r  was d e te rm in e d  to  by +4% 
f o r  th e  n o tc h  s t r a i n  m easurem ent and +2% f o r  th e  n o tc h  s t r e s s  m easu re­
m en t. A lso , a  +4% e r r o r  f o r  g e n e ra l  m isa lig n m en t was in c lu d e d . T h is  
l a t t e r  e r r o r  was added to  t h a t  f o r  th e  n o tc h  s t r a i n  m easurem ent and used  
in  com puting th e  e r r o r  band f o r  th e  d a ta  in  F ig u re  6 .2 9 . T h is  e r r o r  
band was found to  be +5% and i s  d is p la y e d  by a  b a r  on th e  l a s t  d a ta  p o in t  
o f  F ig u re  6 .2 9 .
CHAPTER VII
CONCLUSIONS
The p re c e d in g  c h a p te r s  have d e s c r ib e d  a  s e r i e s  o f  f a t ig u e  t e s t s  
w hich w ere co nducted  u s in g  specim ens o f  th r e e  d i f f e r e n t  m a te r i a l s ,  con­
ta in in g  two n o tc h  g e o m e tr ie s  and t e s t e d  a t  two te m p e ra tu re s . Based upon 
th e  d a ta  re c o rd e d  d u r in g  th e s e  t e s t s  and p re s e n te d  in  t h i s  w ork, th e  
fo llo w in g  c o n c lu s io n s  a re  draw n.
F i r s t ,  N e u b e r 's  c y c l i c  r u l e  sh o u ld  be  e v a lu a te d  u s in g  th e  
t h e o r e t i c a l  s t r e s s  c o n c e n tr a t io n  f a c t o r  r a t h e r  th a n  th e  f a t ig u e  n o tc h  
f a c t o r  to  in s u r e  c o n s e rv a t iv e  r e s u l t s .  T e s t  d a ta  t a b u la te d  in  th e  
p re v io u s  c h a p te r  showed t h a t  n e a r  a  sh a rp  n o tc h , th e  g e o m e tric  mean o f  
th e  s t r e s s  and s t r a i n  c o n c e n tr a t io n  f a c to r s  cou ld  b e  g r e a t e r  th an  th e  
f a t ig u e  n o tc h  f a c t o r ;  t h e r e f o r e ,  f o r  d e s ig n  p u rp o ses  no c o n s id e r a t io n  
sh o u ld  be g iv en  to  th e  n o tc h  s e n s i t i v i t y  o f  a  p a r t i c u l a r  m a te r i a l .
Second, N e u b e r 's  c y c l i c  r u l e ,  when a p p lie d  to  n o tc h e d  specim ens 
u n d erg o in g  c o m p le te ly  re v e r s e d  c y c l i c  lo a d in g , g e n e r a l ly  y i e ld s  c o n s e r ­
v a t iv e  r e s u l t s .  The b a s i s  f o r  t h i s  c o n c lu s io n  was t h a t  w i th in  th e  
ran g e  o f  e x p e r im e n ta l e r r o r ,  th e  d a ta  from  a l l  tw en ty -o n e  c y c l i c  t e s t s  
su p p o rte d  N e u b e r 's  r u l e .  These t e s t s  w ere co nducted  i n  t h r e e  m a te r i a l s  
w hich w ere c y c l i c ly  h a rd e n in g , c y c l i c ly  s o f te n in g  and c y c l i c ly  s t a b l e .  
Each m a te r ia l  c o n ta in e d  two d i f f e r e n t  n o tc h  g e o m e tr ie s  w ith  s t r e s s  
c o n c e n tr a t io n  f a c to r s  o f  3 .1  and 5 .8 2 . A lso , each  m a te r i a l  and n o tc h  
geom etry  was t e s t e d  a t  b o th  room te m p e ra tu re  and a  m o d e ra te ly  e le v a te d
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te m p e ra tu re . S in c e  N eu b er’ s  c y c l i c  r u l e  y ie ld e d  c o n s e rv a tiv e  r e s u l t s  f o r  
ev e ry  co m b in a tio n  o f  th e s e  th r e e  p a ra m e te rs , i t  i s  c o n s id e re d  to  ap p ly  
in  g e n e r a l .
T h ird , th e  in t e r f e r o m e t r i c  s t r a i n  gage i s  i d e a l l y  s u i t e d  f o r  
m easu rin g  la r g e  s t r a i n s  n e a r  n o tc h e s  on m a te r i a l s  u n d e rg o in g  c y c l i c  
lo a d in g  a t  room and e le v a te d  te m p e ra tu re . E s s e n t i a l l y  no p rob lem s w ere 
e n co u n te re d  w ith  th e  ISG d u r in g  th e  e n t i r e  n o tc h ed  specim en t e s t i n g  
p rogram . A lso , d u p l ic a t io n  o f  t e s t s  showed th a t  th e  sy stem  had good 
r e p e a t a b i l i t y .
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S t r a in  G ages:
A d h e s iv e :
S o ld e r :
Lead W ire:
FOR THE EXTENSOMETER
M icro-M easurem ents WK-09-125PC-350 
Gage F a c to r  = 2 .0 0 5  
R e s is ta n c e  = 350 ohms 
Gage L eng th  = .125 in c h e s
M icro-M easurem ents M Bond 610
Cure T em pera tu re  = 325°F f o r  1 hour
P o s tc u re  T em peratu re  = 550°F f o r  2 h o u rs
M icro-M easurem ents 570-28R 
S o lid u s /L iq u id u s  T em peratu re  = 565/574°F
M icro-M easurem ents 126-FWK S tra n d e d  s i l v e r  p la te d
copper w ire  K apton po lym ide 
in s u l a t i o n
T em peratu re  Range: -452 to  600°F
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THIS PROGRAM CONTROLS BOTH THE IS6 AND MTS
MACHINE IN A TEST WHICH CYCLICLY LOADS A 
NOTCHED SPECIMEN AND RECORDS THE STRAIN AT 
THE NOTCH AND THE REMOTE STRESS AND STRAIN»












FORMATdX»'HOOK UP MTS MACHINE')
WRITE(7rlO)






















































































DO 200 NX=lfN2 
DO 210 I=lfNl 
Tl(I)=S5-8*((Nl/2)-I)
210 Bl(I)=R5-8*(<Nl/2)-I)





























IF(V3.GE.M3)G0 TO 620 
M3=V3 
S5=T1(KK)











IF(J8.NE.1)G0 TO 800 




























THIS PROGRAH USES THE ISG DATA TAKEN ON THE 
NOTCHED SPECIHENS TO CONTROL THE MTS HACHINE 
UNDER STRAIN CONTROL* IT RECORDS THE LOAD DATA 














FORMATdXf'HOOK UP MTS MACHINE')
URITE(7f20)
















































4 REH THIS PROGRAH PLOTS NOTCH STRAIN




30 OPEN 'SY1JRESULT.DAT' AS FILE #1 
40 DIH tl'AZ(182000)
50 OPEN 'SY1JSH00TH.DAT' AS FILE #3 
60 DIH #3rB%(65000)
70 OPEN 'LP1' FOR OUTPUT AS FILE #2 
80 L=60
90 OPEN 'SY1JTEST.DAT' AS FILE #4 
100 INPUT 44rDl$»D2$rD3 
102 INPUT #4»D4fD5»D6%
104 INPUT 44»D7%»D8rD9 
110 P$=D2$
120 L1=3*L
130 FOR J=0 TO 999
140 PRINT 'CYCLE NUHBER'







220 PRINT 'PLOT DATA? <Y=1»N=2)'
230 INPUT N9Z
240 IF N9Z=1Z THEN 260
250 PRINT 42»'SHOQTH DATA'F' SPECIHEN NO. '+P$+' CYCLE NO. '+L4 129
260 1=0





280 IF N9Z=1% THEN 310
290 PRINT AZ<J1+K)fA%(J1+K+1)fAZ<J1+K+2)fB%(J2+I+1)
300 PRINT # 2 fF4fF3











420 LABEL('BOLD'f'NOTCH STRESS VS. NOTCH STRAIN'»'STRESS') 
430 X4='SPECIMEN NO. '+P4+' CYCLE NO. '+L$
440 ERASE-TEXT('-TEXTf  ROW'f  21f 1f 100 >
450 ERASE-TEXT('-TEXT f  ROW'f  22 f 1f 100)
460 ERASE-TEXT('-TEXT f  ROW'f 23 f 1f 100)
470 HTEXT('BOLD'f 22 f1f X$)







4 REH THIS PROGRAH COHPUTES AND PLOTS THE
5 REH STRESS AND STRAIN CONCENTRATION FACTORS
6 REH AND NEUBER'S PARAHETER VERSUS CYCLES.
7 REH
10 DIH RZ(100)»Y(17)»X(17)fFl(25)»F2(25)tF3(25)»F4(25)






50 OPEN 'SY1.RESULT.DAT' AS FILE *1 
60 DIH #1*A%(182000)
70 OPEN 'SYltSHOOTH.DAT' AS FILE #3 
80 DIH #3>BZ<65000)







160 70 N II 00
170 RZ(5)=10
180 FOR H2=l TO 2



















370 PRINT 'PLOT DSTRESS 2)STRAIN 3)NEUBER 4)ST0P' 
380 INPUT N9
390 ON N9 GO TO 1000»2000»3000»6000 
1000 FOR M5=0 TO 15 













1080 GO TO 370
2000 FOR M5=0 TO 15













2080 GO TO 370
3000 FOR H5=0 TO 15









3050 PO$='NEUBERS RULE VS. CYCLES'
3060 P1$='NEUBERS RULE'
3070 GOSUB 4000 
3075 GOSUB 5000 
3080 GO TO 370
4000 GRAPHt'EXACT'tfX(0)»Y<0))
4010 LABEL('B0LD'tP0$»P1$>
4020 X4='N0TCHED SPECIMEN NO. '+D1*
4025 Y$='SMOOTH SPECIHEN NO. '+D2$
4030 ERASE-TEXT('-TEXTfROM'r21»1t100) 133
4040 ERASE-TEXT<'-TEXT»ROW'»22»1»100 > 




5000 PRINT 'PRINT <Y=1»N=2>'
5010 INPUT P6






5060 PRINT *2 
5070 PRINT *2»P0»
5080 FOR M6=0 TO 15
5090 IF RZ(H6»D7% THEN 5120
5100 PRINT *2fRZ(M6)rY(H6)









4 REH THIS PROGRAH COMPUTES AND PLOTS THE STRESS AND
5 REH STRAIN CONCENTRATION FACTORS AND NEUBER'S
6 REH PARAHETER VERSUS NOTCH STRAIN.
7 REH
10 DIH RZ(IOO)rY(17)rX(17)»F1<25)»F2(25)»F3(25)»F4(25)






50 OPEN 'SY1JRESULT.DAT' AS FILE #1 
60 DIH #1»AZ<182000)
70 OPEN 'SY1JSH00TH.DAT' AS FILE #3 
80 DIH #3»BZ(65000)
90 OPEN 'LPJ' FOR OUTPUT AS FILE #2 










370 PRINT 'PLOT 1)STRESS 2>STRAIN 3)NEUBER 4>ST0P'
380 INPUT N9
390 ON N9 GO TO 1000r2000>3000'6000 










1050 P0$='STRESS CONCENTRATION VS. NOTCH STRAIN 
1060 P1$='STRESS CONCN.'
1070 GOSUB 4000 
1075 GOSUB 5000 
1080 GO TO 370 









2050 PO$=/STRAIN CONCENTRATION VS. NOTCH STRAIN 
2060 P1$='STRAIN CONCN.'
2070 GOSUB 4000 
2075 GOSUB 5000 
2080 GO TO 370 









3050 P0i='NEUBERS RULE OS* NOTCH STRAIN' 
3060 P1$='NEUBERS RULE'
3070 GOSUB 4000 
3075 GOSUB 5000 
3080 GO TO 370
4000 GRAPH('EXACT'r»X(0)rY(0))
4010 LABEL('B0LD'»P0$»P1$)
4020 X$='NOTCHED SPECIMEN NO. '+D1*







5000 PRINT 'PRINT <Y=1»N=2>'
5010 INPUT P6






5060 PRINT *2 
5070 PRINT I2»P0$
5080 FOR M6=l TO 15
5090 IF RX(H6)>D7X THEN 5120
5100 PRINT *2fX(M6)fY(H6>










4 REH THIS PROGRAH PLOTS THE REHOTE STRESS
5 REH VERSUS THE NOTCH STRAIN.
6 REH
10 OIH Y(100)?X(100)
20 OPEN 'SY1JRESULT.DAT' AS FILE #1 
30 DIH #1*A%(182000)
40 OPEN 'LPJ' FOR OUTPUT AS FILE #2 
50 L=60
60 OPEN 'SY1STEST.DAT' AS FILE #4





120 FOR J=0 TO 999
130 PRINT 'CYCLE NUHBER'






200 PRINT 'PLOT DATA? (Y=1»N=2)'
210 INPUT N9Z
220 IF N9Z=1Z THEN 240
230 PRINT #2»'NOTCHED DATA SPECIHEN NO.'+P$+' 
240 1=0







312 IF N9%=1% THEN 330 
314 PRINT AZ(Jl+K)»AZ(Jl+K+l)fAZ(Jl+K+2)
320 PRINT #2fF4»Fl











440 LABEL('BOLD'*'RENOTE STRESS VS. NOTCH STRAIN'»'STRESS'> 




490 HTEXT('BOLD'r 22»1? X$)
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